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PREFACE 


Great  challenges  still  exist  in  the  area  of  propellant  and  combustion  research  100 
years  after  the  passing  of  Alfred  B.  Nobel,  who  deserves  to  be  called  the  “father  of 
propellant  science.”  Among  Nobel’s  many  breakthroughs  and  patented  inventions,  his 
development  of  ballistite,  the  first  double-base  propellant,  has  had  a  profound  and  lasting 
impact  upon  the  propellant  field.  To  commemorate  Nobel’s  pioneering  and  innovative 
contributions  to  the  development  of  explosives,  pyrotechnics,  and  propellants,  the  Fourth 
International  Symposium  on  Special  Topics  in  Chemical  Propulsion:  Challenges  in 
Propellants  and  Combustion  100  Years  After  Nobel,  was  held  in  Stockholm,  Sweden,  from 
the  27th  through  the  31st  of  May,  1996.  The  Symposium  highlighted  the  substantial 
advancements  made  in  propellant  and  combustion  science  during  the  last  several 
decades,  and  also  allowed  for  the  exchange  of  information  about  current  and  future 
developments  and  research  topics. 

The  International  Symposium  had  several  major  objectives.  These  were:  1)  to 
promote  communication  between  researchers,  designers,  and  manufacturers  regarding 
state-of-the-art  approaches  in  the  field  of  propellants  and  combustion;  2)  to  discuss  new 
and  improved  safety  techniques  in  the  combustion  of  energetic  materials;  and  3)  to 
recommend  future  directions  for  research  in  combustion  and  chemical  reaction  systems. 
The  Symposium  also  addressed  several  pressing  global  issues:  a)  the  resolution  of 
environmental  issues  in  the  combustion  of  energetic  materials;  b)  the  need  for  economical 
utilization  of  finite  fuel  resources;  c)  the  production  of  power  using  existing  or  newly 
S3mthesized  energetic  materials;  and  d)  the  development  of  adequate  techniques  for 
disposal  of  surplus  propellants  and  explosives  for  demilitarization  purposes. 

The  Symposium  was  attended  by  167  participants  from  21  countries.  In  total, 
there  were  127  technical  papers,  including  83  oral  presentations  and  44  poster  papers. 
Of  these,  100  (including  the  historical  lecture  on  Nobel)  were  selected  for  publication  in 
this  edited  book.  All  papers  were  reviewed  using  the  same  comprehensive  procedures 
employed  by  respected  journals  in  this  field.  Therefore,  this  volume  should  be  considered 
an  edited  book  of  carefully  reviewed  and  selected  technical  papers,  rather  than  a 
collection  of  Symposium  proceedings.  The  recent  advances,  future  directions,  and  special 
challenges  in  each  of  the  eight  technical  areas  covered  in  this  book  are  described  below. 

Area  1:  Chemical  Kinetics  of  Propellant  Combustion.  Major  advancements  have  been 
made  in  the  past  decade  in  the  use  of  detailed  kinetics  to  model  the  combustion  processes 
of  various  energetic  materials.  Incorporation  of  elementary  reactions  with  specific  rate 
constants  is  a  common  practice  in  the  simulation  of  gas-phase  reaction  processes.  The 
determination  of  rate  constants  for  many  elementaiy  reactions  between  fragmented  and 
decomposed  species  from  propellant  ingredients  is  a  major  task  for  propellant  chemists. 
For  the  condensed  phase,  the  diagnostics  sire  much  more  limited  than  those  for  the  gas 
phase.  Theories  for  condensed  phase  reactions  contain  many  more  uncertainties.  As 
kinetics  for  both  the  gaseous  and  condensed  phases  become  available,  it  may  be  possible 
to  understand  and  control  transient  events,  such  as  ignition  and  combustion  instability, 
at  the  molecular  level. 

Area  2:  Environmental  Considerations  in  Combustion  of  Solid  and  Liquid  Propellants. 
Significant  progress  has  been  made  towards  the  modeling  of  combustion  products  and 
phenomena  which  may  affect  the  environment  at  both  the  ground  and  atmospheric  levels. 
In  many  cases,  the  practical  solution  to  combustion-related  environmental  hazards  has 
been  to  design  propellants  in  such  a  way  as  to  avoid  the  generation  of  ecologically  harmful 
ingredients.  This  is  usually  not  a  simple  matter,  as  the  formulator  must  identify 


substitute  ingredients  which  not  only  create  no  hazardous  products  themselves,  but  also 
possess  the  chemical  and  physical  properties  necessaiy  to  deliver  the  required 
performance.  The  most  serious  concern  in  recent  years,  the  generation  of  hydrochloric 
acid  (HCl)  by  solid  propellants,  has  been  lessened  by  the  partial  substitution  of  either 
nitramine  crystals  (HMX  or  RDX)  or  ammonium  nitrate  for  ammonium  perchlorate 
crystals.  In  both  cases,  the  generation  of  HCl  has  been  significantly  reduced,  but  these 
substitutions  result  in  greater  production  of  NO2,  which  is  thought  to  be  of  comparable 
toxicity  to  HCl.  The  task  confronting  "environmentally-minded"  propellant  designers  is 
indeed  challenging,  since  a  favorable  balance  of  performance  and  environmental  safety 
cannot  be  easily  achieved. 

Area  3:  Recycling  of  Energetic  Materials.  Since  the  end  of  the  Cold  War, 
disarmament  of  nuclear  and  conventional  munitions  has  produced  hundreds  of  millions 
of  pounds  of  surplus  propellants,  explosives,  and  pyrotechnics  worldwide.  Historically, 
surplus  energetic  materials  have  been  disposed  of  by  open  burning/open  detonation 
(OB/OD).  The  disposal  of  these  materials  by  OB/OD  is  becoming  unacceptable  due  to 
public  concerns  and  increasingly  stringent  environmental  regulations.  The  proposed 
recycling  of  energetic  materials  as  chemical  feedstocks  for  the  production  of  higher  value 
chemicals  potentially  represents  a  "win-win"  situation,  since  liabilities  (surplus  munitions) 
are  converted  to  assets  (useful  products),  sparing  the  environment  the  burden  of  present 
destructive  disposal  practices.  The  recycling  of  energetic  materials  will  also  play  an 
important  role  in  the  formulation  of  new  propellants  and  explosives.  The  goal  is  to 
demonstrate  that  pollution  from  the  destruction  of  surplus  propellants  can  be  reduced  by 
as  much  as  90%  using  life-cycle  assessment  methodologies  and  suitable  recycling 
technologies. 

Area  4:  New  Techniques  and  Improved  Safety  in  Combustion  of  Energetic  Materials. 
Due  to  demilitarization  and  the  extension  of  lives  of  propulsion  systems,  the  study  of 
hazards  and  safety  of  energetic  materials  has  become  more  important  during  the  past 
decade.  The  ignition,  decomposition,  and  mechanical  damage  of  energetic  materials  can 
result  in  hazards  such  as  explosions,  deflagration-to-detonation  transition  (DDT),  cook¬ 
off,  and  delayed  detonation  by  unknown  mechanisms  (XDT).  Incidents  caused  by  these 
hazards  have  resulted  in  the  loss  of  lives  and  the  destruction  of  billions  of  dollars  worth  of 
propulsion  equipment.  The  international  community  has  performed  significant  research 
in  the  areas  of  DDT,  XDT,  cook-off,  decomposition,  ignition,  electrostatic  discharge, 
combustion  and  damage-induced  reactions.  These  studies  are  intended  to  improve,’ 
mitigate  and  predict  the  overall  safety  of  various  propulsion  systems.  In  order  to  reduce 
the  probability  of  system  hazards,  future  trends  in  the  development  of  propulsion  systems 
should  incorporate  design  considerations  for  mechanical  protection  and  thermal 
insulation  of  new  and  existing  devices. 

Area  5:  Commercial  Application  in  the  Combustion  of  Energetic  Materials.  The  advent 
of  airbag  technology  and  the  widespread  popularization  of  fireworks  displays  in  many 
countries  has  led  to  an  increase  in  the  commercial  use  of  propellants  and  pyrotechnics. 
The  public  s  awareness  of  the  use  of  such  energetic  materials  has  grown  significantly  with 
these  and  other  commercial  applications.  In  private  industry,  however,  there  is  a  lack  of 
communication  about  important  technological  problems,  largely  due  to  the  perceived  need 
for  corporate  secrecy.  One  solution  is  to  increase  cooperation  between  academic 
institutes  and  industry,  so  that  program  managers  and  engineers  in  private  industry  will 
become  more  aware  of  the  potential  of  advanced  technologies,  related  background 
research,  and  the  benefits  of  information  exchange. 


Area  6:  Ignition  and  Combustion  Performance  of  Propellants  for  Rocket  Propulsion. 
Knowledge  of  the  performance  of  propellants  and  their  ingredients  is  very  important  for 
the  proper  design  and  utilization  of  chemical  rocket  propulsion  technologies.  Current  and 
near-future  trends  in  this  area  include:  a)  further  characterization  of  propellants  using 
new  energetic  ingredients,  such  as  ADN,  CL-20,  BAMO,  GAP,  and  Alex  (ultra-fine 
aluminum  particles  made  by  plasma  explosion  processes);  b)  extension  of  theoretical 
models  to  simulate  combustion  processes  of  propellants  containing  these  new  ingredients, 
c)  further  modification  of  models  for  simulation  of  the  combustion  and  agglomeration  of 
aluEoinum  additives  in  solid  propellants;  d)  development  of  more  reliable  models  for  the 
study  of  dynamic  and  unstable  burning  phenomena  of  solid  propellants;  e)  extension  of 
boundary-layer  t5rpe  of  erosive  burning  models  to  include  propellants  containing  new 
ingredients;  f)  the  use  of  PolyNIMMO  (3-Nitratomethyl-3-methyloxetane)  polymer  as  an 
energetic  binder  in  ramrocket  gas-generator  propellants;  and  g)  the  effect  of  chemically 
induced  stresses  on  the  ignition  and  combustion  of  solid  propellants. 

Area  7:  Combustion  Diagnostics.  The  development  of  new  diagnostic  techniques  and 
the  utilization  of  existing  advanced  instruments  for  the  study  of  propellant  flames  and 
combustion  phenomena  in  motors  and  engines  continue  to  challenge  the  combustion 
community.  Propellant  flames  often  involve  short  residence  times,  large  temperature  and 
species  concentration  gradients  in  both  condensed  and  gas  phases,  high  pressures,  and 
elevated  temperatures.  The  data  obtained  from  intrusive  and  non-intrusive  techniques 
are  crucial  for  several  reasons.  First,  it  is  desirable  to  acquire  a  thorough  fundamental 
understanding  of  the  combustion  behavior  of  energetic  materials  through  in-depth  data 
interpretation  and  mechanistic  studies.  Second,  efforts  at  several  institutions  in  the  U.S. 
and  abroad  are  underway  to  develop  and  validate  comprehensive  models  describing  the 
complex  processes  of  heat  transfer  and  finite-rate  chemical  kinetics  during  ignition  and 
steady  deflagration  of  energetic  materials.  To  validate  such  models,  data  from  carefully 
conducted  experiments  are  needed  for  a  broad  range  of  test  conditions.  Recent  advances 
and  applications  of  non-intrusive  diagnostic  methods  include  multi-channel  IR,  tunable 
laser,  UV/ visible  and  X-ray  absorption  spectroscopy,  and  CARS  and  LIF  spectroscopic 
techniques. 

Area  8:  Theoretical  Modeling  and  Numerical  Simulation  of  Combustion  Processes  of 
Energetic  Materials.  With  the  advent  of  the  digital  computer,  the  numerical  simulation  of 
physicochemical  processes  has  become  increasingly  important  in  the  design  of 
combustion  systems  and  prediction  of  combustion  processes.  The  increased  reliance 
upon  computer-based  predictions  in  design  is  largely  the  result  of  economic  pressures. 
Not  only  is  numerical  simulation  more  economical  than  experimentation,  but  also  the  cost 
of  performing  a  given  calculation  has  decreased  significantly  over  the  years.  This  is 
mainly  due  to  tremendous  increases  in  computer  speed  and  memory  capacity  with  limited 
increases  in  overall  computer  costs.  Numerical  CFD  simulations  involving  full  sets  of 
chemical  reactions  have  now  become  possible.  Whenever  it  is  presently  not  economical  or 
practical  to  utilize  full  numerical  simulation  free  of  empiricism,  phenomenological  models 
have  been  adopted  to  make  possible  numerical  predictions  of  complex  processes  in 
various  combustion  devices.  Therefore,  modeling  and  numerical  simulation  are 
indispensable  to  the  prediction  of  combustion  processes  of  energetic  materials. 
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ALFRED  NOBEL:  FROM  GUNPOWDER  TO  BALLISTIT 


Bertil  Enoksson 

Department  of  Physical  Chemistry,  Uppsala  University,  Uppsala,  Sweden 


ABSTRACT:  Alfred  Nobel  was  an  inventor  in  many  different  fields  who  possessed  a  rare  creative 
power.  His  scientific  contributions  were  above  all  others  in  the  explosives  area  with  epoch-making 
results  also  of  technical  and  economic  importance:  the  introduction  of  high  explosives,  invention  of  the 
detonator,  dynamite,  blasting  gelatin,  gelatinous  explosives,  double  base  propellant,  and  progressive 
powder. 


INTRODUCTION 

Alfred  Bernhard  Nobel  was  bom  in  Stockholm,  Sweden,  on  21  October  1833.  He  died  at  San  Remo, 
Italy,  on  10  December  1896. 

During  his  lifetime,  Alfred  Nobel  was  honored  in  many  ways,  but  he  accepted  few  official  distinctions 
and  complained  that  none  of  his  orders  had  any  foundation  in  explosives.  Nonetheless,  he  highly 
appreciated  his  membership  in  the  Royal  Academy  of  Sciences,  Stockholm,  and  the  honorary  degree  of 
Doctor  of  Philosophy,  which  he  received  in  1893  at  the  University  of  Uppsala. 

It  is  obvious  that  Alfred  Nobel  wanted  to  be  remembered  foremost  for  his  scientific  contributions  in  the 
field  of  explosives.  Therefore,  to  commemorate  Alfred  Nobel,  I  will  recount  the  struggle  in  the 
explosives  market  among  blackpowder,  cellulose  nitrate  and  glycerol  trinitrate,  emphasizing  the 
contributions  made  by  Alfred  Nobel. 

In  his  teenage  years  in  St.  Petersburg,  Alfred  Nobel  got  to  know  about  explosives  and  their  possibilities. 
His  father,  Immanuel  Nobel,  managed  a  foundry  and  wheel  factory,  where  among  many  other  items,  he 
also  manufactured  land  and  sea  mines.  In  1850,  Alfred  Nobel  was  sent  to  study  in  Sweden,  Prussia, 
France,  and  North  America.  He  spent  most  of  his  time  abroad  in  Paris  studying  chemistry,  partly  at  the 
laboratory  of  the  famous  Jules  Pelouze.  Alfred  Nobel  became  familiar  with  the  science  of  the  time  and 
learned  about  esterification  with  nitric  acid.  This  knowledge  was  to  be  of  vital  importance  to  his  work 
with  nitroglycerin. 

When  back  in  St.Petersburg  in  1854,  Alfred  Nobel  was  employed  by  his  father’s  company,  Nobel  et  Fils, 
which  prospered  as  a  consequence  of  the  large  orders  by  the  Russian  state  during  the  Crimean  War.  But 
when  the  war  came  to  an  end  in  1856,  the  company  soon  became  insolvent.  Alfred  was  sent  to  bankers 
in  London  and  Paris  in  search  of  a  loan.  No  one  was  willing  to  grant  credit  to  the  Nobels.  Immanuel 
Nobel  was  bankrupt,  and  in  1859  he  returned  to  Stockholm.  His  three  eldest  sons,  Robert,  Ludvig,  and 
Alfred,  stayed  in  St.  Petersburg,  where  they  operated  a  small  workshop. 


BLACKPOWDER 


Immanuel  in  Stockholm  and  Alfred  Nobel  in  St.  Petersburg,  each  individually,  tried  to  find  an  explosive 
more  effective  than  blackpowder.  For  more  than  500  years,  blackpowder  had  held  its  ground  as  the  only 
propellant.  Originally  blackpowder  consisted  of  approximately  40%  saltpeter,  30%  charcoal,  and  30% 
sulphur,  intimately  ground  together.  Later  normal  gunpowder  comprised  75%  potassium  nitrate,  15% 
charcoal  and  10%  sulphur,  each  component  finely  ground  before  moistened  and  mixed  together. 

If  blackpowder  is  burned  in  a  confined  space,  e.g.,  in  a  borehole,  the  pressure  increases  and  so  does  the 
rate  of  burning  to  such  a  high  value  that  it  can  be  used  for  blasting.  From  the  seventeenth  century 
onward,  blackpowder  was  applied  to  industrial  blasting  in  mining.  By  varying  the  composition, 
granulation,  and  glazing,  the  blackpowder  was  adapted  to  the  special  use  for  which  it  was  intended! 
Cheaper  powder  was  produced  in  which  potassium  nitrate  was  replaced  by  sodium  nitrate.  Blackpowder 
slowly  and  only  partly  replaced  the  older  fire-setting  method,  in  which  a  fire  was  set  against  the  rock  face 
and  then  water  was  dashed  onto  the  heated  rocks.  The  broken  rock  could  then  be  dug  out. 

Many  additions  were  made  to  blackpowder  in  order  to  improve  its  properties.  Other  components  were 
tested,  but  for  a  very  long  time  blackpowder  was  the  only  explosive  of  importance  on  the  market.  No 
explosive  has  been  or  will  be  used  for  as  many  different  applications  as  blackpowder.  But  times  changed 
and  blackpowder  met  a  new  threat  from  more  specialized  chemical  agents  and  detonating  explosives, 
such  as  nitrocellulose  and  nitroglycerin. 


NITROCELLULOSE 

Cellulose  nitrate  was  the  first  serious  rival  to  compete  with  blackpowder  for  the  commercial  explosive 
market.  In  1845,  Christian  Friedrich  Schonbein,  professor  of  chemistry  at  Basel,  discovered  a  way  to 
produce  nitrocellulose  by  immersing  cotton  or  paper  into  a  mixture  of  nitric  and  sulphuric  acids.  This 
invention  was  made  during  his  research  about  ozone  and  "active  oxygen."  Schonbein  immediately 
recognized  the  possibilities  of  the  product  obtained  by  esterification  of  cotton  with  nitric  acid  and 
patented  it  as  guncotton.  He  expected  that  his  guncotton  would  soon  replace  gunpowder  as  a  propellant. 
However,  the  nitrated  cotton  was  unstable.  Disastrous  explosive  accidents  occurred  during  the 
manufacture  and  storage  of  guncotton.  Furthermore,  the  enormous  pressure  generated  by  firing 
guncotton  charges  damaged  and  sometimes  even  blew  up  the  guns  used.  For  this  reason,  the 
manufacture  of  guncotton  was  officially  prohibited  and  the  development  was  very  much  delayed! 


NITROGLYCERIN 

Soon,  another  high  explosive  appeared  in  the  field.  In  1846,  Ascanio  Sobrero,  professor  of  industrial 
chenustry  at  Tunn,  discovered  nitroglycerin.  He  slowly  added  glycerol  to  a  pre-cooled  mixture  of  nitric 
and  sulphuric  acids  while  stirring.  When  the  reaction  mixture  was  poured  into  water,  nitroglycerin,  an 
oil  heavier  than  water,  precipitated.  It  was  purified  by  washing  with  a  large  amount  of  water. 

Sobrero  found  nitroglycerin  so  unpredictable  and  frightening  that  he  warned  against  its  use.  Although 
nitroglycerin  showed  its  explosive  strength,  the  danger  seemed  too  great.  It  was  only  used  in  small 
quantities  as  a  diluted  alcoholic  solution  for  a  heart  medicine. 

It  demanded  a  person  with  an  extraordinary  far-seeing  spirit,  ingenuity,  courage,  and  an  untiring  energy 
to  succeed  m  finding  practical  applications  for  this  violent  explosive.  Alfred  Nobel  was  that  man. 
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NOBEL’S  DETONATOR 


Remarkably,  the  first  main  difficulty  encountered  with  nitroglycerin  was  in  detonation.  A  spark  or 
contact  with  a  flame  caused  it  to  bum  calmly  without  detonating.  Immanuel  Nobel  in  Stockholm  tried 
mixtures  of  blackpowder  and  nitroglycerin.  He  got  a  increase  in  the  strength  of  blackpowder,  but  the 
inconveniences  of  both  ingredients  remained.  Alfred  Nobel  in  St.  Petersburg  started  in  the  same  way, 
but  showed  more  creativity.  He  initiated  nitroglycerin  by  a  shock  from  an  explosive  charge  smaller  than 
the  main  blasting  load.  In  its  first  form,  this  detonator  consisted  of  gunpowder  compressed  in  a  wooden 
cylinder  which  was  closed  by  two  plugs.  Into  one  of  them  a  safety  fuse  with  blackpowder  had  been 
inserted.  Later,  this  led  to  a  blasting  cap  with  an  initiating  explosive  which  reacts  violently  when  heated, 
such  as  mercury  fulminate.  This  brilliant  way  to  ignite  high  explosives  to  detonation  was  the  first 
epoch-making  invention  by  Alfred  Nobel.  It  opened  the  era  of  high  explosives  in  the  blasting  industry, 
from  the  heaving  action  of  blackpowder  at  a  low,  sustained  pressure  causing  minimum  fragmentation, 
to  the  great  possibilities  of  high  explosives  of  widely  different  weight  strength,  detonation  velocity  and 
pressure,  loading  density  and  blasting  action. 


NOBEL'S  BLASTING  OIL 

Alfred  Nobel  joined  his  father  in  Stockholm  in  1863.  Now,  when  he  could  initiate  the  detonation  of 
nitroglycerin  with  unfailing  certainty,  he  was  ready  to  introduce  nitroglycerin  into  blasting  practice.  His 
patented  blasting  oil  was  far  superior  in  explosive  power  to  ordinary  gunpowder  and  had  many 
advantages.  Large  savings  in  drilling  labor  and  cost  were  achieved  and  the  time  required  for  much 
engineering  work  could  be  shortened  tremendously.  A  growing  demand  for  access  to  this  effective 
explosive  arose  quickly.  Military  experts,  however,  declared  that  an  explosive  with  such  enormous 
strength  was  too  dangerous  to  use  in  warfare. 

The  nitroglycerin  was  manufactured  at  the  Nobels'  pilot  plant  at  Heleneborg  in  south  Stockholm.  Here, 
at  the  same  time,  work  proceeded  on  improvements  in  the  method  of  manufacturing  nitroglycerin.  On 
3  September  1864,  the  temperature  in  the  nitrating  vessel  rose  out  of  control.  A  most  terrible  explosive 
accident  followed,  in  which  the  whole  factory  was  wiped  out  and  five  people  were  killed.  Among  the 
dead  was  Alfred  Nobel's  younger  brother,  Emil. 

Now,  there  was  no  way  back  for  Alfred  Nobel.  He  had  to  show  the  world  that  his  own  faith  in  the 
usefulness  and  future  of  nitroglycerin  was  right.  He  needed  to  show  that  by  his  inventions,  more  people 
would  be  saved  than  lost  by  the  introduction  of  high  explosives  into  blasting  techniques.  This  inspired 
him  to  do  impressive,  untiring  work,  in  which  he  shrank  from  no  difficulties  for  the  betterment  of 
mankind. 

A  ban  was  put  on  the  manufacture  and  storage  of  nitroglycerin  within  populated  areas.  Alfred  Nobel 
acted  swiftly.  Within  a  month  after  the  accident,  he  was  producing  his  blasting  oil  aboard  a  barge 
anchored  on  Lake  M^aren  outside  the  bounds  of  Stockholm.  In  November  1 864,  Alfred  Nobel  founded 
his  first  limited  company,  Nitroglycerin  AB.  The  following  year,  the  company  was  granted  a  permit  to 
build  a  nitroglycerin  factory  at  a  then-desolate  creek  of  M^aren,  southwest  of  Stockholm  . 


DYNAMITE 


At  the  start  of  his  nitroglycerin  business,  Alfred  Nobel  was  already  fully  aware  of  the  disadvantages  of 
the  liquid  form  of  the  blasting  oil.  It  led  to  accidents  in  transportation  and  use.  The  nitroglycerin  ran 
into  fissures  in  the  rock  and  could  cause  explosions  when  the  broken  rock  was  picked  out. 

Alfred  Nobel  worked  persistently  to  find  a  means  to  make  nitroglycerin  safer.  At  first,  he  tried  to  reduce 
the  dangers  by  transporting  nitroglycerin  dissolved  in  methanol.  However,  this  method  proved  to  be 
inadequate,  and  Alfred  Nobel  found  it  necessary  to  add  the  blasting  oil  in  another  form.  He  turned  his 
attention  to  adsorbing  the  nitroglycerin  in  fibrous  or  porous  substances  such  as  nitrocellulose,  paper, 
charcoal,  and  sawdust.  He  decided  on  kieselguhr,  a  fine,  porous  deposit  of  cell  walls  of  diatoms! 
Seventy-five  percent  nitroglycerin  adsorbed  in  25%  calcined  kieselguhr  formed  an  easy-to-handle  plastic 
explosive.  Guhr  dynamite  was  patented  in  1867  and  is  the  best  known  of  Alfred  Nobel's  inventions. 


The  guhr  dynamite  aroused  enormous  interest  all  over  the  world  in  mining  and  communication 
industnes.  Alfred  Nobel  founded  companies  and  built  nitroglycerin  and  dynamite  plants  in  many  places 
in  different  countries.  He  wanted  his  explosives  to  be  manufactured  as  near  the  place  of  consumption 
as  possible.  In  1865,  Alfred  Nobel  moved  to  Hamburg  and  lived  there  until  1873,  experimenting  for 
safer  and  more  efficient  explosives  at  his  laboratory  at  Krummel. 

The  nitroglycerin  explosives  made  possible  enterprises  which  had  been  unthought  of  with  gunpowder. 
However,  Alfred  met  unexpected  competition  from  miners  who  used  his  blasting  oil  because  they  found 
guhr  dynamite  too  weak,  since  it  had  only  about  60%  of  the  blasting  effect  of  pure  nitroglycerin. 
Nevertheless,  the  strength  of  dynamite  was  many  times  that  of  blackpowder. 


More  serious  was  the  struggle  with  nitrocellulose,  particularly  in  Britain.  Guncotton  with  about  20% 
water  was  packed  in  the  bore  hole  and  initiated  by  a  primer  of  dried,  compressed  nitrocellulose,  which, 
ironically,  was  fired  by  a  Nobel  detonator. 

To  succeed,  it  was  necessary  to  increase  the  strength  of  dynamite.  As  a  step  in  this  direction,  in  1869 
Alfred  Nobel  patented  the  use  of  active  adsorbents,  which  in  contrast  to  the  heat-absorbing  kieselguhr, 
contnbute  to  explosive  energy.  Straight  dynamite  could  comprise  nitroglycerin  adsorbed  in  wood  pulp, 
sodium  nitrate  and,  as  a  stabilizer,  calcium  carbonate.  But  Alfred  Nobel  was  not  satisfied.  He  wanted 
something  really  new,  a  very  powerful  explosive,  safer  to  handle  than  guhr  dynamite  and  resistant  to 
water  and  moisture. 


BLASTING  GELATIN 

In  1873,  Alfred  Nobel  left  Hamburg  for  Paris.  He  bought  an  elegant  mansion  on  Avenue  Malakoff  and 
added  a  winter  garden  to  his  taste,  stables  for  his  horses,  and  a  chemical  laboratory  for  his  research. 

Alfred  Nobel  and  his  assistant,  Georges  Fchrenbach,  made  many  tests  with  different  explosive 
substitutes  for  kieselguhr,  which  was  inert  and  also  had  the  disadvantage  of  binding  water  better  than 
nitroglycerin.  From  the  outset  they  tried  mixtures  of  nitroglycerin  and  nitrocellulose,  but  they  got  only 
suspensions  of  fibrous  guncotton  in  the  blasting  oil  and  no  coherent  mass.  Nitrocellulose  adsorbs  only 
small  amounts  of  nitroglycerin.  How  to  incorporate  nitrocellulose  with  nitroglycerin  and  make 
nitrocellulose  soluble  in  nitroglycerin?  One  day  Alfred  Nobel  poured  collodion,  a  solution  of 
low-nitrogen  nitrocellulose  in  ether-alcohol,  into  nitroglycerin.  When  most  of  the  volatile  solvents  had 
evaporated,  a  rather  stiff  gel  remained.  His  goal  was  within  reach.  However,  many  tests  and  much  work 
had  to  be  done  before  the  invention  was  suited  for  presentation  on  the  market.  Only  nitrocellulose  with 
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a  nitrogen  content  of  about  12.2%  is  directly  soluble  in  nitroglycerin.  With  a  7  to  8%  collodion 
nitrocotton  in  nitroglycerin,  a  tough,  viscoelastic  gel  is  formed  in  a  few  hours.  This  gel,  blasting  gelatin 
was  patented  in  1876. 

A  competitor  to  Alfred  Nobel  declared  Nobel’s  blasting  gelatin,  in  every  respect,  to  be  the  most  perfect 
explosive  known.  Blasting  gelatin  is  slightly  stronger  than  pure  nitroglycerin,  as  the  oxygen  excess  of 
the  nitroglycerin  is  utilized  by  the  nitrocellulose  and  gives  an  additional  contribution  to  the  explosive 
energy.  By  the  detonation  of  1  kg  well  confined  blasting  gelatin  6.5  MJ  is  released.  In  less  than  1  ps 
the  pressure  at  the  detonation  front  rises  to  over  20  GPa  and  the  temperature  to  about  5,000  K.  The 
detonation  velocity  is  near  8  km/s. 

Blasting  gelatin  is  a  superior  explosive,  which  was  used  for  such  demanding  tasks  as  blasting  the  hardest 
rock  and  under-water  blasting.  But  blasting  gelatin  was  more  important  as  the  basis  of  the  gelatinous 
explosives  which  rapidly  came  into  wide  use.  With  less  nitrocellulose,  a  thinner  and  softer  gelatin  was 
obtained,  in  which  mixtures  of  oxidizing  agents  and  combustibles  were  incorporated.  These  plastic 
explosives  could  easily  be  packed  in  a  bore  hole  and  they  also  stayed  in  holes  directed  upwards.  In 
addition,  the  gelatinous  blasting  explosives  were  cheaper  and  safer  and  still  had  a  good  resistance  to 
water.  Ammon  gelatin,  in  which  the  oxidizer  is  ammonium  nitrate,  was  patented  by  Alfred  Nobel  in 
1879. 

Nitroglycerin  explosives,  due  to  Alfred  Nobel's  inventions  and  research,  became  the  choice  of  the  civil 
blasting  market.  The  properties  of  the  gelatins  and  dynamites  could  be  modified  in  many  ways.  It  was 
even  possible  to  develop  explosives  which,  when  fired  in  coal  mines,  did  not  ignite  firedamp  or  coal 
dust.  However,  so  far,  nitroglycerin  had  little  military  importance,  and  blackpowder  still  controlled  the 
propellant  business. 


BALLISTIT 

The  Nobel  dynamite  companies  provided  peaceful  tools,  not  weapons.  According  to  Alfred  Nobel, 
blasting  gelatin  would  propel  not  only  the  projectile,  but  also  break  the  gun  itself  into  fragments. 
Guncotton  was  tried  as  a  propellant,  but  was  unreliable.  In  spite  of  this,  new  lighter  weapons  were 
designed  for  more  powerful  propellants,  which  gave  the  bullet  a  much  higher  muzzle  velocity  than 
gunpowder  could  give.  But  the  propellant  with  an  easily  controlled  rate  of  burning  was  lacking. 

While  engaged  in  the  development  of  blasting  gelatin,  Alfred  Nobel  began  to  think  of  a  propellant 
consisting  of  nitroglycerin  and  nitrocellulose.  His  thoughts  led  him  to  celluloid,  which  has  as  two-thirds 
of  its  weight  nitrocellulose  and  one-third  camphor.  Celluloid  is  too  slow  to  propel  projectiles  and, 
besides,  cannot  bum  without  access  to  oxygen.  Alfred  Nobel  thought  that  if  the  camphor  was  substituted 
partly  or  wholly  with  nitroglycerin,  the  burning  rate  would  increase.  The  consistency  would  be  retained, 
thus  making  it  possible  to  form  the  powder  in  a  proper  way  with  a  regulated  surface  and  burning  rate. 

After  many  years  of  fundamental  research  and  testing,  Alfred  Nobel  finally  introduced  ballistit  in  1888 
It  originally  contained  60%  nitrocellulose  and  40%  nitroglycerin  and  a  small  addition  of  diphenylamine 
as  stabilizer.  Ballistit  was  the  first  double  base  propellant.  It  produces  great  power  and  leaves  no 
deposits  and  is  nearly  smokeless. 

Ballistit  was  the  last  of  the  epoch-making  discoveries  by  Alfred  Nobel.  It  instantly  aroused  great 
interest.  In  scientific  circles,  Alfred  Nobel's  results  were  considered  most  remarkable  and  surprising. 
That  two  violent  high  explosives  could  combine  into  a  propellant,  which  upon  ignition  bums  with  good 
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stability  and  precision,  was  indeed  impressive.  It  was  also  striking  that  ballistit  could  be  rolled  between 
hot  rollers  or  pressed  under  heat  into  different  shapes. 

Alfred  Nobel  had  once  more  shown  how  two  competing  chemical  substances,  nitrocellulose  and 
nitroglycerin,  can  work  together  and  take  the  market  from  the  earlier  dominating  blackpowder.  He  was 
not  so  successful  with  people  and  governments.  When  they  learned  about  the  new  smokeless  powder, 
they  feared  that  their  weapons  would  become  inferior  to  those  of  others.  His  laboratory  at  Sevran  was 
closed  by  the  French  authorities,  who  would  not  tolerate  any  rivals  to  their  own  single  base  powder. 
Alfred  Nobel  left  Paris  in  1891  and  settled  down  in  San  Remo,  Italy.  In  the  United  Kingdom,  ballistit 
had  to  compete  with  cordite,  a  nitroglycerin  powder  which  was  based  on  Alfred  Nobel's  own  ideas  and 
research.  This  was  a  very  hard  blow  for  Alfred  Nobel  personally  and  a  loss  of  an  enormous  sum  of 
money  in  royalties  to  him,  and  later  on  to  the  Nobel  Foundation. 

Alfred  Nobel  was  very  active  with  experiments,  research,  and  development  work  in  San  Remo,  Italy, 
and  at  Bjorkbom  and  Bofors,  Sweden,  until  his  death  in  1896.  His  last  discovery  in  the  realm  of 
explosives  was  progressive  smokeless  powder  (Swedish  patent  in  1896).  Thin  sheets  of  more  slowly 
burning  powder  were  rolled  or  pressed  on  each  side  of  a  faster  burning  one. 


EXPLOSIVE  ENGRAVING  OF  ALFRED  NOBEL 

Alfred  Nobel  disliked  all  forms  of  personal  attention  and  publicity.  He  wanted  to  be  left  in  peace.  Not 
even  did  he  have  his  picture  painted.  How  can  I  then  dare  to  illustrate  my  lecture  with  a  portrait  of 
Alfred  Nobel?  ^ 

The  metal  plate  for  this  picture  of  Alfred  Nobel  was  produced  by  detonating  a  layer  of  explosive  on  a 
sheet  of  polymethyl  methacrylate  placed  onto  the  painting  on  the  plate.  This  explosive  engraving 
method  was  developed  by  the  artist  VemerMolin  in  collaboration  with  Nitro  Nobel,  Alfred  Nobel's  first 
company.  Thus  this  print  has  an  explosive  past  and  may  be  accepted  in  my  lecture. 

I  will  feel  honored  if  this  picture  of  Alfred  Nobel  could  stay  at  this  Symposium  on  Special  Topics  in 
Chemical  Propulsion  and  later  at  the  Workshop  on  Peaceful  Utilization  of  Energetic  Materials  in  St. 
Petersburg,  where  I  hope  it  will  remain. 


REFERENCES 

Bergengren,  E.,  Alfred  Nobel:  The  Man  and  His  Work,  Thomas  Nelson  and  Sons,  London,  1960. 

Enoksson,  B.,  The  Cordite  Case  in  View  of  Modem  Physical  Chemistry,  7th  Symposium  on  Chemical 
Problems  Connected  with  the  Stability  of  Explosives,  ed.  Hansson,  J.,  Detonik  och  Forbranning 
Sundbyberg,  1985,  1-17. 

Enoksson,  B.,  Gummidynamiten-Varldens  Forsta  Explosiva  Gelatin,  Svensk  Kemisk  Tidskrift- 
Kemiteknik,  Vol.  88,  No.  12,  1976,  26-30. 

Marshall,  A.,  Explosives:  History  and  Manufacture,  Vol  7,  P.  Blakistone's  Son  and  Co.,  Philadelphia 
1917.  ^  ’ 

Miles,  F.D.,  Cellulose  Nitrate,  The  Physical  Chemistry  of  Cellulose  Nitrate,  its  Formation  and  Use 
Oliver  and  Boyd,  Edinburgh,  1955. 

Naoum,  P.,  Nitroglycerine  and  Nitroglycerine  Explosives,  Bailliere,  Tindall  and  Cox,  London,  1928. 

Nobel,  A.,  Improvements  in  the  Manufacture  of  Explosives,  G.B.  Patent  No.  1471.,  1888. 

Reader,  W.J.,  Imperial  Chemical  Industries,  A  History,  Vol  1:  The  Forerunners,' Oxford  University 
Press,  London,  1970. 


xxii 


Romocki,  S.J.,  Geschichte  der  Explosivstoffe  II,  Die  rauchschwachen  Pulver  in  ihrer  Entwickelung, 
Robert  Oppenheim,  Berlin,  1896. 

Schiick,  H.  and  Sohlman,  R.,  The  Life  of  Alfred  Nobel  William  Heinemann,  London,  1926. 

Storm,  C.G.,  Smokeless  Powder,  Colloid  Chemixtry,  ed.  Alexander,  J.,  The  Chemical  Catalog 
Company,  New  York,  1932,  101-116. 

Strandh,  S.,  Alfred  Nobel  Mannen,  Verket,  Samtiden,  Natur  och  Kultur,  Stockholm,  1983. 
Widman,  O.,  Det  Gamla  och  Det  Nya  Krutet,  P.A.  Norstedt  och  Sbners  Forlag,  Stockholm,  1899. 


Explosive  Engraving  of  Alfred  B.  Nobel 

(Explosive  Engraving  Method  Developed  by  Vemer  Molin,  in  collaboration  with  Nitro  Nobel  Co.) 


XXlll 


Area  1: 


Chemical  Kinetics 

of 

Propellant  Combustion 


ADVANCES  m  COMBUSTION-LIKE  KINETICS  AND  MECHANISMS 
OF  POLYMERIC  BINDERS 

Thomas  B.  Brill,  Haruyuki  Arisawa,  and  Polly  E.  Gongwer 

Department  of  Chemistry,  University  of  Delaware,  Newark,  DE  19716  USA 


ABSTRACT 

The  pyrolysis  kinetics  and  mechanisms  of  polymeric  organic  binder/fuels  are  largely  unknown  at  the 
conditions  of  combustion.  New  insights  into  this  complex  subject  are  coming  to  light  by  the  use  of  T- 
jump/FTTR  spectroscopy.  An  overview  of  findings  for  polymethylmethacrylate,  cellulose  acetate  butyrate, 
polyethyleneglycol,  and  hydroxyl-terminated  polybutadiene  is  presented.  The  main  advances  are;  (1)  Flash 
pyrolysis  work  has  been  achieved  for  the  first  time  in  which  kinetics  and  reaction  details  for  the  formation 
of  individual  products  are  determined;  (2)  A  SAvitch  in  the  controlling  mechanism  is  observed  fi’om  bulk- 
phase  decomposition  reaction  control  to  desorption  control  at  about  500°C;  and  (3)  Kinetic  models  are 
given  which  contain  the  desorption-decomposition  processes  and  apply  to  non-energetic  polymers. 

INTRODUCTION 

The  combustion  characteristics  of  formulated  energetic  materials,  such  as  rocket  propellants,  explosives 
and  gas  generators,  are  unquestionably  dominated  by  the  energetic  components.  Consequently,  most 
investigations  of  kinetics  and  mechanisms  in  the  solid  propellant  and  explosives  field  have  focused  on  the 
pure  energetic  components.  However,  it  is  well-known  that  the  polymeric  binder,  which  provides  both 
mechanical  strength  and  fuel  to  the  formulation,  significantly  contributes  to  the  combustion  and  explosion 
characteristics.  Most  of  what  is  known  about  the  kinetics  and  pathways  of  thermal  decomposition  of 
binders  has  been  obtained  in  temperature,  pressure,  and  heating  rate  regimes  that  are  very  far  fi'om  the 
combustion  or  explosion  conditions.  In  addition,  the  chemical  processes  which  occur  during  thermal 
decomposition  of  organic  polymers  can  be  extremely  complicated.  Their  description  exceeds  the  capability 
of  most  conventional  experimental  methods. 

Advances  in  the  chemistry  of  flash-heated  polymers  have  recently  become  possible  by  using  T-jump/FTIR 
spectroscopy  [1].  T-Jump/FTIR  spectroscopy  simulates  combustion  conditions  in  the  pyrolysis  zone,  and 
enables  the  products  and  their  rates  of  formation  to  be  determined  in  near  real-time.  This  article  addresses 
the  chemistry  of  non-energetic  binders  about  which  comparatively  little  is  known  at  combustion  conditions. 
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POLYMERS  AND  COMBUSHON-LIKE  PYROLYSIS  METHODS 

A  very  large  number  of  organic  polymeric  substances  have  bean  processed  with  energetic  compounds  to 
achieve  the  desired  properties  of  a  formulation.  Curing  agents,  plasticizers,  and  stabilizers  are  frequently 
also  incorporated.  Table  1  lists  some  of  the  non-energetic  and  ena-getic  polymers  which  have  found 
application  in  recent  years.  Boileau  [2]  recently  wrote  about  the  synthesis  and  applications  of  several 
energetic  binders.  No  generalized  overview  of  synthesis  and  application  of  non-enagetic  bindas  was 
located.  The  combination  of  the  wide  variety  of  polymas  and  the  many  variables  for  a  givai  polyma 
(molecular  waght,  dispersity,  tacticity,  etc.)  aqplains  this  absence  of  genaalized  disoissions.  Artides 
about  thermal  decomposition  tend  to  focus  on  one  compound  or  dass  of  compounds.  For  example,  Bede 
[3]  reviewed  work  up  to  1 987  on  several  polybutadienes. 


Table  1 

Some  Binda/Fuels  used  in  Propellants  and  Explosives  Formulations 


”NomEnagaic” 


Synthetic  Hydrocarbons 

HTPB  (hydroxyl-terminated  polybutadiene) 

PS  (polystyrene) 

CTPB  (carboxyl-terminated  polybutadiene) 

Vistac 

Polyisobutylene 

Wax 

Ethers 

PEG  (polyethyleneglycol) 

PPG  (polypropyleneglycol) 

Polyesters 

Nylon 

Laminae 

Cellulose 

CAB  (cellulose  acetate  butyrate) 

CA  (cellulose  acetate) 

CoDolvmers 

PBAA(polybutadiene  acrylic  add) 

PBAN  (polybutadiene  acrylic  acid  acrylonitrile) 
Fluorocarbons 

Kel-F 

Viton 

Oth^s 

PMMA  (polymethylmethacrylate) 

polysulfide 

polycaprolactone 

asphalt 

polyurethane  (estane) 

silicone  resins 

"Energetic" 

Nitrate  esters 

NC  (nitrocellulose) 

PVN  (polyvinyl  nitrate) 

PGN  (polyglycidylnitrate) 

Poly-NMMO  (polynitratomethylmethyi 

CAN  (cellulose  acetate  nitrate) 

oxetane) 

Nitroaliphatics 

DNPS  (dinitropolystyrene) 

PNP  (polynitrophenylene) 

DNPA  (dinitropropanol  acrylate) 

Azides 

GAP  (glyddyl  azide  polymer) 

BAMO  (bisazidomethyl  oxetane) 

AMMO  (azidomethyhnethvl  oxetane)  ) 

-THF  copolymer 
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Extensive  literature  exists  on  slow,  controlled,  thermal  decomposition  of  organic  polymers.  For  example, 
more  than  fifty  publications  dealing  directly  with  the  kinetics  and  mechanism  of  thermal  decomposition  of 
polymethylmethacrylate  have  appeared,  and  PMMA  has  one  of  the  simplest  decomposition  mechanisms  of 
all  organic  polymers! 

Substantially  less  literature  exists  on  pyrolysis  chemistry  of  polymers  at  the  heating  rates  and  temperatures 
resembling  combustion  conditions.  Essentially  five  methods  of  flash-heating  have  been  used  for  non- 
energetic  polymers:  hot  plate  [4,5],  hot  gas  and  diflfijsion  flames  [6,7],  arc  image  [8,9],  filament  heating 
[1,10-14],  and  laser  heating  [15-17],  FUament  heating  offers  the  best  independent  control  over  the  heating 
rate  and  pyrolysis  temperature.  Most  flash  pyrolysis  studies  are  not  designed  to  provide  a  chemical 
analysis  simultaneously  with  the  pyrolysis  process.  If  a  flame  is  actually  produced,  then  the  most 
interesting  near-surface  species  usually  react  before  they  can  be  identified.  Hence,  flash  pyrolysis  at 
combustion  conditions  is  desirable,  followed  by  quenching  in  an  inert  environment  and  immediate  detection 
by  a  fast-response  method.  For  example,  rapid-scan  FTIR  spectroscopy  or  any  other  time-resolved 
spectral  method  can  be  used  to  identify  and  quantify  the  major  products  as  they  form.  Therefore,  a  brief 
description  is  given  here  of  T-jump/FTIR  spectroscopy  by  which  a  film  of  a  polymer  is  flash-heated  to  set 
temperatures  representative  of  those  at  the  surface  during  combustion,  while  mid-IR  spectra  are  recorded 
of  the  evolved  and  quenched  products. 

T-JUMP/FTIR  SPECTROSCOPY 


Figure  1 .  A  schematic  of  T -Jump/FTIR  spectroscopy 


T-Jump/FTIR  spectroscopy  is  an  elaborate 
technique  [1],  but  the  essential  features  are 
illustrated  in  Figure  1 .  Approximately  200jig  of  the 
polymer  was  cast  as  a  film  on  the  center  of  a 
polished  Pt  ribbon  filament.  Catalysis  by  the  Pt 
filament  has  been  shown  to  be  minimal  in  both 
oxidizing  and  reducing  environments  [18,19].  The 
filament  was  arranged  inside  of  a  gas-tight  cell  so 
that  the  beam  of  a  rapid-scanning  FTIR 
spectrometer  passes  about  3mm  above  the  surface. 

The  cell  was  purged  with  Ar  and  pressurized  to  1. 


J - ^ -  * 

2  or  11  atm.  By  using  a  high-gain,  fast-response  power  supply,  the  filament  was  heated  at  2000°C/s  and 
then  held  at  a  chosen  temperature  in  the  350-610±2°C  range  for  20s.  The  relationship  between  the  applied 
voltage  and  the  resultant  filament  temperature  was  determined  for  all  experimental  conditions  by  usmg 
melting  point  standards. 


Although  2000°C/s  is  the  filament  heating  rate,  the  sample  heats  at  about  600-1000°C/s  to  the  set 
temperature  because  of  limitations  in  the  rate  of  heat  transfer  [20,21].  After  the  initial  0.5s,  the 
characteristic  thermal  difl^jsion  time,  which  is  the  time  required  for  one  face  of  the  film  to  sense  a 
temperature  transient  at  the  other,  is  about  25ms  [20].  This  time  is  much  faster  than  the  data  collection 
rate.  As  a  result,  the  small  changes  in  control  voltage  applied  to  the  filament  can  be  used  to  track  the 
endothermic  and  exothermic  events  of  the  sample.  An  exotherm  produces  a  negative  deflection  in  the 
control  voltage  trace.  Transmission  IR  spectra  of  the  gaseous  products  were  recorded  every  100ms  at 
4cm''^  resolution  simultaneously  with  the  control  voltage  measurement.  These  data  provide  the  gas 
evolution  rate  and  outline  the  chemistry  taking  place  in  the  film,  which  is  a  "snapshot"  simulation  of  the 
burning  surface. 
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The  combustion-like  pyrolysis  process  for  polymers 
is  illustrated  in  this  article  with  the  four  polymers 
shown  in  Figure  2.  These  are 

polymethylmethacrylate  (PMMA)  with  Mw  = 
2000,  polyethyleneglycol  (PEG)  with  Mw  =  2090, 
cellulose  acetate  butyrate  (CAB)  with  Mw  = 
75,000,  and  hydroxyl-terminated  polybutadiene 
(HTPB)  with  Mw  =  2,500.  All  of  these 

compounds  find  application  in  consumer  and 
industrial  products,  as  well  as  in  fliel/binders  for  the 
propulsion  and  energetic  materials  fields.  For 
example,  PMMA  and  HTPB  are  fuels  for  hybrid 
rockets.  HTPB  is  also  one  of  the  most  commonly 
used  binders  in  composite  propdiants.  PEG  has 
been  used  in  minimum  smoke  propellants  as  well  as 
smoke  generators.  CAB  is  a  binder  for  low 
vulnerability  propellants. 

DATA  ANALYSIS 

T-Jump/FTTR  spectroscopy  cables  kinetic  determinations  to  be  made  because  mainy  of  die  temporally- 
resolved  volatile  products  have  characteristic  absorbances  at  60C)-4000cm'\  However,  interference  makes 
measurement  of  their  concentrations  by  the  absorbance  at  a  single  wavelength  impossible.  On  the  other 
hand,  concentrations  can  be  detemined  for  all  species  simultaneously  when  aH  wavelengths  are  used.  This 
procedure  uses  multivariate  statistical  and  mathOTiatical  methods  to  maximize  chemical  details,  and  is 
known  as  chemometrics. 

An  absorptivity-concentration  calibration  relationship  is  first  constructed  for  eadh  pure  product.  For  those 
products  which  are  gaseous  at  20°C  and  1  atm,  the  three-dimensional  matrix  of  absorbance,  concentration 
and  wavelength  was  measured  at  different  partial  pressures  of  Ar.  For  products  which  are  liquid  at  20°C 
and  1  atm,  the  calibration  matrix  was  determined  fi*om  the  vapor  spectrum  at  vapor-liquid  equilibrium. 

Second,  for  a  time  series  of  IR  spectra  during  pyrolysis  of  HTPB  and  CAB,  the  time  dqpaidence  of  the 
concentration  of  each  product  was  calculated  by  using  ix)n-negative  least  squares  recessions  of  eq.  1  [22], 


CH 


CH2-C 


COOCH3  J 
PMMA  ' 


H  O 


H9CH,0  -Lh 


PEG 


Figure  2.  Structures  ofthe  polymers 
described  herein. 


m  =  Kc(t)-r(t)  (1) 

Equation  1  is  subject  to  the  condition  that  the  concentration,  c(t),  is  ^0.  The  coeflBcient  matrix  K  contains 
the  absorptivity  spectra  of  the  thermolysis  products,  and  the  vector  r(t)  contains  the  IR  spectrum  of  the 
thermolysis  products  at  time  t.  The  calculated  vector  c(t)  is  the  concwitration  of  each  product  at  t  in  which 
m  is  minimized.  Baseline  corrections  were  required  because  smoke  particles  scatter  IR  radiation  at  shorter 
wavelengths. 


For  PEG  and  PMMA,  quasi-Newtonian  optimization  (expression  2)  was  used  because  additional 
constraints  could  be  placed  on  the  concentration  relationships  [23]. 

mimmize  |^c(0''Hc(0  +  g(0''c(o|  subject  to  Ac(0  >  0  (2) 

®  ^  S(t)  ~  -2K^r(t),  who'e  A  is  the  constraint  matrix  which  imposes  the  concoitration 

conditions.  The  superscript  T  is  the  transpose  of  the  matrix.  The  details  of  these  procedures  require  much 
more  discussion  [22,23],  but  an  outline  ofthe  method  is  aimmarized  in  Figure  3. 
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Figure  3.  Algorithm  for  data  analysis. 


THERMOCHEMISTRY  OF  POLYMERS 

It  is  important  to  point  out  that  HTPB  and  possibly  PEG  are  cured  during  processing  of  a  formulation. 
This  is  usually  done  by  adding  an  isocyanate-containing  compound  such  that  the  hydroxyl  groups  of  the 
polymer  and  the  isocyanate  groups  react  to  form  urethane  groups.  This  cross-linkmg  process  converts  the 
formulation  into  the  desired  consistency  and  provides  structural  integrity.  However,  in  the  present  article, 
pyrolysis  of  uncross-linked  polymers  is  described.  We  believe  that  this  departure  from  reality  is  reasonable 
based  on  comparisons  of  the  pyrolysis  kinetics  and  products  from  flash-heated  HTPB  in  the  free  and 
urethane  cross-linked  forms  [24],  When  urethane  cross-linked  HTPB  is  pyrolyzed,  urethane  bonds  are  the 
first  to  cleave.  The  isocyanate  cross-linking  agent  was  found  to  volatilize  and  leave  the  parent  HTPB  to 
decompose  as  though  it  had  never  been  cross-linked  [24],  Consequently,  pyrolysis  of  uncross-linked 
HTPB  appears  to  be  relevant  to  the  combustion  process. 

As  discussed  above,  the  control  voltage  of  the  Pt  filament,  which  the  control  circuit  adjusts  at  a  very  fast 
rate  in  order  to  maintain  a  constant  temperature  (constant  integrated  resistance  of  Pt)  during  pyrolysis, 
provides  a  sensitive  overall  indication  of  the  thermochemistry  of  the  polymer  film.  Figure  4  shows  the 
difference  voltage  trace  of  the  four  polymers  which  were  heated  at  600-1000°C/s  to  500°C.  In  all  cases, 
excess  heat  must  be  initially  supplied  due  to  polymer  "melting"  and  the  relatively  large  heat  capacity  of 
organic  polymers.  The  fast  oscillations  which  are  superimposed  on  the  traces  of  HTPB,  PMMA  and  CAB 
are  due  to  the  formation  and  bursting  of  micro  bubbles  of  decomposition  and  other  volatile  products  which 


Tuns,  s 


are  released  as  the  film  viscosity  decreases.  Only 
HTPB  exhibits  any  exothermicity  as  evidenced  by  the 
negative  valley  at  about  5  s.  This  release  of  heat  by 
the  sample  is  partly  due  to  formation  of  trans- 
butadiene  oligomers  whose  heats  of  formation  are 
negative.  These  oligomers  are  major  products  of 
HTPB  under  flash  pyrolysis  conditions.  The 
decomposition  of  the  otho*  three  polymers  is  ov^all 
endothermic. 

The  temperatures  for  flash  pyrolysis  that  were  chosen 
for  these  studies  are  in  the  370-600°C  range.  This 
range  is  believed  to  be  rq)resQritative  of  the 
temperatures  at  the  surface  of  burning  solid 
propellants.  Therefore,  the  results  should  be 
applicable  to  describing  the  pyrolysis  chemistry  of 
polymers  during  combustion. 

RELATIONSHIP  BETWEEN  POLYMER 
STRUCTURE  AND  PYROLYSIS  PRODUCTS 


Figure  4.  Cor^ol  voftage  difference  showing 

parent  nxtlecular 
Structure  and  the  flash  pyrolysis  gases  has  been 
establidied  in  a  qualitative  way  for  many  energetic 
matenals  [13],  Organic  polymer  pyrolysis,  on  the  other  hand,  is  somewhat  more  complex  despite  the  fact 
that  a  repeating  unit  exists  in  the  backbone.  However,  the  "zip  l^gth",  Z,  has  long  be^  known  to  play  a 
role  in  whether  the  monomer  building  blocks  or  other  fragments  fi-om  polymer  pyrolysis  dominate  the 
vapor  phase.  Broadly,  the  zip  length  refers  to  the  number  of  monom^  units  that  are  formed  per  initiation 
reaction  event.  Equation  3  defines  the  2ap  l^gth  when  the  rates  of  the  decomposition  reactions,  kd,  are 
grouped  as  one  rate  and  termination  reactions,  kt,  are  grouped  as  one  rate. 


The  termination  reactions  include  all  radical  recombinations,  such  as  cyclization,  H-scavenging,  and 
multiple  bond  formation.  Each  of  these  processes  could  be  first  or  second  order  and  may  contain  a 
concentration  dependence. 


Table  2 

Zip  Length  of  Several  Polymers^^ 

Polymer 

Z 

PMMA 

-10^ 

Poly(a-methyl  styrene) 

Polystyrene 

~5 

PTFE 

~3 

Table  2  gives  the  zip  lengths  of  several  polym^s 
[25].  It  is  inta-esting  to  compare  polystyr^  (A)  to 
poly(a-methylstyr^e)  (B).  In  case  of  A  the  zip 
length  is  short  because  the  tertiary  H  atom  is  labile 
and  so  the  tertiaiy  site  is  readily  attacked  by  other 
radicals  which  will  terminate  the  depolymerization 
process  (Rl).  On  the  otho*  hand,  B  has  no  tertiary 
H  atom  and  so  the  poi^tion  is  blocked  fi'om  radical 
attack  in  favor  of  dq^olymerization  (R2)  into  a- 
methylstyrene.  The  same  can  be  said  for  PMMA 
compared  to  polymethylacrylate  (PMA).  The 
tertiary  caibon  atom  of  PMMA  is  blocked  by  CH3, 


which  produces  a  large  zip  length.  On  the  other 
hand,  the  tertiary  carbon  atom  of  PMA  is  not  blocked  and  so  a  small  zip  length  is  <^pected.  HTPB,  PEG 
and  CAB  can  be  expected  to  release  an  extensive  variety  of  products  in  part  because  of  the  large  numb^  of 
labile  H  atoms  in  the  backbone  of  each  polymer. 


8 


Figure  5  is  a  panel  of  plots  showing  the  mole  fractions  of  the  major  products  from  each  polymer  as  a 
function  of  temperature,  which  were  obtained  by  using  T-jump/FTIR  spectroscopy  and  the  chemometrics 
methods  of  analysis  noted  above.  Each  of  these  will  now  be  discussed. 


PMMA-2000 

Of  the  polymers  shown  in  Figure  2,  the  gaseous  products  from  flash  pyrolysis  of  PMMA  are  the  simplest. 
They  consist  only  of  MMA  and  CO2P6].  The  simplicity  of  the  produa  mixture  and  the  dominance  of 
MMA  is  directly  attributable  to  the  large  zip  length  of  PMMA.  Different  pyrolysis  temperatures  in  the 
460-600''C  range  have  little  effect  on  the  mole  fractions.  Consequently,  only  two  main  reactions  having 


after  flash-heating  to  the  tern  peratu res  shown. 
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relatively  similar  rates  occur  simultaneously,  i.e.,  random  C-C  homolysis  and  side-chain  decarboxylation. 
Other  minor  products  including  CH4,  CH3OH  and  CO  have  been  reported  at  lower  heating  rates  and 
temperatures  [27-29]  than  were  used  here.  These  were  not  detected  in  our  work,  however,  some  char 
remains  on  the  filament  which  accounts  for  the  stoichiometry  imbalance  resulting  jfrom  the  liberation  of 
CO2.  Because  no  other  IR-active  gaseous  products  are  produced,  it  is  reasonable  to  assume  that  the  mole 
fi-action  of  char  approximately  equals  that  of  the  CO2  liberated. 

CAB-750Q0 

Although  glucose-Uke  monomers  probably  form  upon  thermal  decomposition,  they  react  fiirther  to  form 
other  volatile  products  rather  than  volatilize  themselves  [30].  Thus,  an  tensive  variety  of  products  can  be 
expected  upon  flash  pyrolysis  of  CAB.  In  addition  to  the  major  products  shown  in  Figure  5,  CAB 
oligomers  (0.03),  formaldehyde  (0.03),  ethyl  ketene  (0.03),  ketene  (0.03),  acetic  acid  (0.01),  and 
acetaldehyde  (<0.01 )  also  form  [31].  The  parenthetical  numb^s  give  the  mole  fi-action  of  each. 

CAB  contains  randomly  substituted  butyryl  (1.66),  acetyl  (0.96),  and  hydrogai  (0.38)  groups  at  the  3R 
sites  identified  in  Figure  2.  Most  of  the  vaporized  products  fi-om  flash  pyrolysis  of  CAB  are  recognizable 
fi-agments  of  the  polymer,  espedally  with  regard  to  the  pendant  groups.  The  major  products  CO  and  CO2 
probably  form  fi*om  scission  of  the  CO  and  OCO  linkages  in  the  anhydroglucose  backbone  [32]  and  by 
decarboxylation  and  decarbonylation  of  the  esta-  groups.  CO  could  also  form  fi-om  the  C(2,3)-0  linkages. 
Methyl  butyrate  and  methyl  acetate  probably  originate  fi-om  C(5)-C(6)  homolysis  with  H  transfer.  The 
carboxylic  acids  form  fi-om  C(2,3)-0  and  C(6)-0  homolysis  with  H  transfer.  Unlike  the  esters,  the 
concentration  of  butync  add  is  about  twice  that  of  acetic  acid  at  all  tonpo-atures  in  accordance  with  the 
approximate  relative  concentrations  of  the  esters  in  the  parent  polymer. 

The  most  interesting  products  not  heretofore  detected 
fi-om  substituted  cellulose  molecules  are  ketene 
[CH2C=C=0]  and  ethyl  ketene  [CH3CH2C(HK:=0]. 
Figure  6  shows  the  resolution  of  ketene,  ethyl  ketene, 
and  CO  fi-om  the  2050-22CX)  cm‘^  region  of  the 
spectrum.  Also  shown  is  the  residual  m  (equation  1). 
These  ket^e  products  probably  arise  fi-om  0-C 
homolysis  of  the  0-C(0)R  pendant  groups,  wiiich 
liberates  -C(0)R.  This  fi-agment  can  rearrange  to 
ketene  whm  R  =  CH3-  and  ethyl  ketene  when  R  = 
C3H7-.  Krtene  and  ethyl  ketene  have  similar 
concaitrations  despite  the  fact  that  the  butyryl  group  is 
more  prevalent  than  the  acetyl  group  in  CAB. 
CH3C(0)H  could  result  fi-om  0-C(0)CH3  homolysis, 
as  does  ketene,  but  rather  than  losing  H  to  form 
H2C=C=0,  the  -C(0)CH3  fi-agment  could  abstract  H 
to  form  CH3C(0)H.  H2CO  plausibly  arises  fi-om  the 
non-esterified  -OH  groups  of  CAB.  IR  absorbances 
closely  matching  those  of  the  parent  CAB  are  present, 
and  most  likely  arise  fi-om  oligomers  of  CAB  resulting 
fi-om  random  C(l)-0  homolysis  with  H  transfer. 

A  small  amount  of  residue  remained  on  the  filament,  which  is  brown  at  525°C,  Iwit  brown-black  with  a 
sooty  appearance  at  540°C.  The  formation  of  H-  and  0-rich  volatile  products  in  Figure  5  will  leave  a 
carbon-rich  residue. 


2300  2200  2100  2000 

VV^venomber,  cm"’^ 

Figure  6.  Deconvolution  of  the  fyrolysis  c^ses  of  CAB 
into  the  ketene  components  and  CO. 


10 


In  general,  the  ring  opening  reactions  of  CAB  and  the  presence  of  thermally  removable  pendant  groups 
define  many  of  the  products  of  thermolysis.  At  460°C,  discrepancy  exists  between  the  butyryl/acetyl  ratio 
in  the  parent  polymer  (-1.7)  and  the  ratio  of  products  attributable  to  the  butyryl  group  (butyric  acid,  butyl 
acetate,  and  ethyl  ketene)  and  the  acetyl  group  (methyl  acetate,  acetic  acid,  acetaldehyde,  and  ketene) 
(=0.8).  At  600°C,  the  concentration  ratio  of  these  products  (=1.3)  more  nearly  resembles  the  ratio  in  the 
parent  polymer. 

PEG-2090 


PEG  is  a  straight  chain  polymer  having  only  secondary  carbon  atoms.  The  conditions  for  a  long  zip  length 
are  absent  in  the  parent  polymer.  Accordingly,  Figure  5  reveals  that  monoether  oligomers 
(CH3CH20[CH2CH20]nH  +  CH3O[CH2CH2O]JH0,  diether  oligomers  (CH3CH20[CH2CH20]nCH3  + 
CH30[CH2CH20]nCH3  +  CH3CH20[CH2CH20]„CH2CH3),  diethyleneglycol,  and  ethyleneglycol  are  the 
major  products  of  flash  thermolysis  [23].  The  mono-  and  diethers  along  with  diethyleneglycol  dominate 
the  370-430°C  range.  The  average  value  of  n  for  the  monoethers  is  <  1.75  in  this  temperature  range.  The 
monoether  oligomers  and  ethyleneglycol  are  the  most  abundant  products  at  450-550°C.  The  average 
value  of  n  for  the  monoethers  is  about  2.5  in  this  range.  Five  other  products  are  also  found  but  appear  m 
lower  concentration.  These  are  1,3-dioxolane,  2-methoxy-l,3-dioxolane,  methyl  vinyl  ether,  ethyl  vmyl 
ether,  and  4-butenal. 

The  marked  shift  in  the  composition  of  the  volatile  products  at  450±30°C  is  a  new  observation.  The 
probable  reason  is  that  below  the  transition  temperature,  the  products  primarily  reflect  the  pyrolysis  of  the 
parent  PEG  polymer  with  formation  of  the  residue.  Above  the  transition  temperature,  products  fi-om  both 
the  parent  polymer  and  the  residue  form  simultaneously. 

Thus,  an  important  feature  in  the  pyrolysis  of  PEG  is  the  formation  of  a  colorless,  glassy  residue  on  the 
filament  below  about  500°C.  The  greatest  amount  of  residue  was  left  after  pyrolysis  at  lower 
temperatures.  The  different  pyrolysis  characteristics  of  PEG  heated  in  the  370-550°C  range  appear  to  be 
related  to  the  release  of  volatile  products  fi-om  the  parent  sample  of  PEG  in  competition  with  the  formation 
and  pyrolysis  of  this  residue.  From  spectral  evidence,  the  residue  has  few  end-ch^  hydroxyl  groups,  and 
based  on  its  glassy  appearance,  it  probably  has  a  higher  degree  of  polymerization  and/or  different 
microstructure.  For  example,  radical  recombination  in  competition  with  radical  production  could  produce 
an  entangled,  high  Mw,  polymer  network  in  the  residue.  The  fact  that  the  monomer,  ethyleneglycol, 
becomes  a  major  product  fi-om  this  residue  suggests  that  the  zip  length  of  the  residue  is  higher  than  that  of 
the  parent  polymer. 

In  general,  the  products  of  pyrolysis  of  PEG  are  recognizable  oligomers  in  which  0-C  and  C-C  homolysis 
have  occurred  along  with  H-transfer.  The  ethyleneglycol  monomer  is  a  major  product  above  about  450°C 
which  suggests  that  a  modified  form  of  the  PEG  polymer  forms  during  decomposition  in  competition  with 
the  volatilization  of  oligomers  fi-om  the  parent  PEG-2090.  This  modified  PEG  polymer  apparently  has  a 
higher  ap  length  than  the  parent  polymer. 

HTPB-2500 


As  shown  in  Figure  4,  HTPB  is  the  only  polymer  of  the  four  discussed  here  which  exhibits  exothermicity 
during  decomposition.  The  volatile  decomposition  products  begin  to  form  during  the  exotherm.  The  zip 
length  of  HTPB  is  not  known,  but  examination  of  its  structure  suggests  that  it  is  probably  not  large. 
Nevertheless,  according  to  Figure  5,  a  significant  amount  butadiene  (BD)  monomer  is  released.  The  other 
major  products  are  the  stabilized  dimer  (4-vinyl-2-cyclohexene,  4-VCH)  and  /raw^-butadiene  oligomers  (t- 
BDO),  both  of  which  occur  by  random  chain  scission  and  H-transfer.  In  addition,  to  these  main  products, 
other  products  shown  in  Figure  5  form  along  with  seven  other  minor  products:  1,3-cyclohexadiene, 
toluene,  benzene,  vinyl-butadiene  oligomers,  cw-butadiene  oligomers,  propene,  and  dimethyl  ether  [22]. 
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The  products  liberated  by  HTPB  upon  flash  pyrolysis  reveaJ  why  HTPB  is  somewhat  exothermic  upon 
decomposition.  To  understand  the  thermochemistry,  the  heat  of  formation  of  HTPB-5500  was  estimated 
to  be  about  -770  kcaJ/mol  based  on  caiboxyl-terminated  polybutadiene  data  [33],  ^^of  BD,  4-VCH,  and 

most  of  the  minor  products  are  positive.  By  Hess'  Law,  the  themial  decomposition  of  HTPB,  which  is 
experimentaDy  shown  in  Figure  4  to  be  exotheimic,  could  not  be  exothermic  with  these  products  alone. 
On  the  other  hand,  ziiF^of  t-BDO  is  negative.  The  approximate  values  for  t-BDO,  CH3[- 

CH2CH=CHCH2-]nCH3  (n  values  ^ven  parenthetically),  are  -11.1(1),  -27.5(2),  -52(3),  -77(4)  kcaJ/mol, 
etc.  Because  the  mole  fi*action  of  t-BDO  is  substantial  (especially  at  higher  temperature),  these  oligomers 
readily  offset  the  negative  of  HTPB  and  produce  the  exothermicity  demonstrated  in  Figure  4.  The 

decomposition  of  HTPB  is  endothermic  above  400°C  when  heated  at  a  slow  rate  [34],  Thus,  there  are 
significant  differences  between  the  decomposition  process  of  HTPB  at  low  and  high  heating  rates. 

The  product  concentrations  in  Figure  5  dq^end  on  the  pyrolysis  temperature  below  515±15X.  Under 
these  conditions  heterog^ieous,  bulk-phase  processes  {cis-trans  isomerization,  cross-linking,  cycHzation, 
and  chain  scission)  dominate  [35-43].  Thus,  numerous  competitive  reactions,  each  having  a  spedfic  rate 
constant,  combine  to  produce  the  products  observed,  so  that  the  product  conc^trations  display  the 
complex  behavior  of  Figure  5.  On  the  oth^  hand,  when  53(}<T<609°C,  the  product  concentrations  are 
less  sensitive  to  the  pyrolysis  temperature.  A  plausible  explanation  for  this  insensitivity  is  that  the 
heterogeneous-phase  thermolysis  reactions  reach  their  maximum  rate  and  cease  to  be  sensitive  to 
temperature.  This  idea  has  support  in  observations  of  an  upper  temperature  limit  of  thermal  decomposition 
of  a  polymer.  For  example,  at  dT/dt  =  100  °C/s,  most  polymo's  have  a  limiting  temperature  of 
decomposition  of  480-53 0°C  [44].  The  crossover  for  HTPB  from  tempo'ature  sensitivity  in  the  product 
distribution  to  relative  insensitivity  occurs  at  515±15°C.  Above  this  tonperature  range,  the  rate  of 
deconsolidation  controls  the  process  rather  than  the  bulk-phase  decomposition  reaction  rate. 
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One  of  the  few  structure-decomposition  relationships 
which  is  apparent  for  HTPB  is  the  relationship  of  the 
concentration  of  the  ?ro«5-butadiene  component  of 
several  different  polybutadiene  polymers  to  the  t-BDO 
concentrations  in  the  gas  phase.  Three  polybutadienes 
with  different  po'centage  of  the  trans  unit  were 
compared.  Figure  7  shows  that  above  560°C,  the 
fraction  of  /ran.s-butadiene  units  in  the  gas  phase 
resembles  that  in  the  parent  (right  dde  of  Figure  7),  if 
the  parent  polymer  begins  with  a  high  percentage  of 
/r£7«^-units.  However,  whm  the  polymer  begins  with 
mostly  c/5-units  (e.g.  92%),  cis-^trans  isom^ization 
must  occur  during  the  random  chain  scission  process. 
Others  have  noted  that  an  early  chemical  event  in  ds- 
polybutadiene  upon  heating  is  ds-trans  isomerization 
leading  to  a  31:69  ds.trans  ratio  [39].  This  previous 
finding  is  supported  by  the  remits  in  Figure  7.  The 
retention  of  the  /ra/jj-butoie  conformation  when  the 
gaseous  products  are  formed  implies  that  the  remaining 
c/>butene  and  vinyl  groups  are  mainly  responsible  for 
the  lesser  products  shown  Figure  5.  Sterically  speaking,  the  cw-butaie  and  vinyl  groups  of  HTPB  are 
already  positioned  for  cyclization,  whereas  the  /raw^-butene  linkage  is  not. 


T.'C 

Figure  7.  The  fraction  of  frans  groups  in  the  gas  phase  foJtowing 

pash  pyrotysb  compared  to  the  percentage  of  t/ar7S  groups 
in  the  parent  polymer  (right  side  scale) 


The  major  role  that  t-BDO  plays  in  the  gas  phase  at  high  heating  rates  requires  the  fonnation  of  a  residue 
with  excess  carbon  content.  This  is  because  t-BDO  has  a  higher  H/C  ratio  compared  to  that  of  HTPB. 
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Indeed,  a  small  amount  of  a  carbonaceous  residue  remains  on  the  filament  following  pyrolysis  below 

600°c’ 


EFFECT  OF  PRESSURE  ON  THE  SPECIES  LIBERATED 

The  pyrolysis  characteristics  discussed  above  were  determined  at  1  or  2  atm  of  Ar.  PMMA,  PEG  ^d 
HTPB  were  also  investigated  at  1 1  atm  Ar  to  determine  the  effect  of  the  external  pressure  on  the  species 
formed.  Figure  8  is  a  panel  of  plots  at  1 1  atm  showing  the  temperature  dependence  of  the  mole  fractions 
of  the  major  species.  These  plots  are  to  be  compared  with  those  in  Figure  5  at  2  atm.  The  effect  of 
pressure  is  negligible  in  the  case  of  PMMA  and  is  relatively  weak  in  the  case  of  HTPB.  The  mam  effect  for 
HTPB  is  that  the  concentration  of  the  monomer  (BD)  increases  at  the  expense  of  the  dimer  (4-VCH).  For 
PEG  the  effect  of  pressure  on  the  products  liberated  is  larger,  but  again,  the  main  general  effect  is  that 
lower  Mw  products  increase  in  concentration  at  the  expense  of  higher  Mw  products. 


0.5 


0 .0 


PMMA 

— m—  MMA  at11  atm  Ar 
— C3—  C02at11  A’’ 


400  450  500  550  600 

T  .°C 


Figure  8.  Mole  fractions  of  the  major  volatile 

products  at  1 1  atm  Ar  after  flash-heating 
to  the  temperature  shown. 
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In  general,  an  increase  in  the  external  pressure 
influences  the  pyrolysis  produas  released  from 
polymers  having  short  zip  lengths  in  two  ways.  First, 
the  effect  of  temperature  on  the  mole  fractions  is 
dampened  at  higher  pressure  and,  second,  there  is  an 
increase  in  the  mole  fractions  of  the  lower  Mw 
products  relative  to  the  higher  Mw  products.  These 
effects  can  be  understood  in  terms  of  the  relative  roles 
of  the  desorption  rates  of  species  and  bulk  phase 
reaction  rates.  At  higher  pressure,  the  desorption  rate 
is  suppressed  relative  to  the  bulk  phase  reaction  rates. 
Hence,  the  longer  residence  time  of  the  species  in  the 
surface  reaction  zone  leads  to  a  larger  extent  of 
pyrolysis  and,  thus,  a  greater  concentration  of  the 
lower  Mw  species. 


KINETICS  OF  EVOLUTION  OF  INDIVIDUAL  GASEOUS  PRODUCTS 

The  rate  of  increase  in  the  IR  absorbance  intensity  of  the  individual  volatile  products  from  flash  pyrolysis  of 
polymers  leads  to  the  rate  constants  for  their  evolution  to  the  flame  zone.  The  required  concentrations  can 
be  determined  separately  as  a  function  of  time,  temperature,  and  pressure.  The  importance  of  having  rate 
constants  for  liberation  of  individual  species,  as  opposed  to  simply  the  global  rate  of  decomposition,  is  that 
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transient  phenomena,  such  as  ignition  and  combustion  instability,  pot^tially  can  be  modeled  with  chemical 
details. 


As  an  example  of  the  calculation  of  rate  constants 
from  T-jump/FTIR  spectra.  Figure  9  shows  the  rate 
of  growth  of  BD  from  flash-pyrolysis  of  HTPB  at 
the  temperatures  shown.  The  regression  lines  were 
obtained  from  the  zeroth-order  rate  equation  4, 
where  c®  is  the  measured  concentration  of  the 
species  after  complete  pyrolysis. 

d(c/  c^) 

(4) 

Zeroth-order  kinetics  fit  the  rate  of  growth  of  all 
products  from  PMMA,  CAB,  PEG,  and  HTPB. 
The  fact  that  zeroth-order  kinetics  fit  the 
experimental  data  is  partly  the  result  of  the  use  of  a 
film  of  about  50  lum  thickness  as  a  "sn^shot" 
simulation  of  the  binder  on  the  buring  surface  of 
formulated  energetic  materials.  In  effect,  the 
"concentration"  of  the  parent  polym^  remains 
essentially  constant  throughout  the  pyrolysis 
process.  This  is  the  same  condition  that  ^sts  on  the  saarface  of  a  steadily  burning  material  and  ocplains 
why  certain  combustion  parameters,  such  as  the  linear  regression  rate,  also  follow  zo'oth-order  kinetics. 


Figure  9,  Rate  plots  for  the  formation  of  BD  from  HTPB 
flash  heated  to  the  temperatures  shown. 


PMMA 


The  Arrhenius  plots  for  formation  of  MMA  monomer  and  CO2  from  PMMA-2000  at  2  atm  are  shown  in 
Figure  10.  Table  3  gives  the  Arrhenius  activation  energies,  E,,  and  pre-exponential  factors.  In  A.  It  is 
instantly  evident  from  Figure  10  that  two  different  processes  detennine  the  rate  of  product  evolution 
depending  on  the  temperature.  In  the  380-460°C  range,  the  Arrhmus  parameters  for  MMA  formation 
resemble  those  reported  for  random  C-C  scission  in  PMMA  [45-47],  e.g.  49.5-64. 1  kcal/mol  and  ln(A/s)  - 
31.8-45.9.  The  Airhenius  parameters  for  CO2  evolution  in  the  380-500°C  range  res^ble  those  for 
decarboxylation  of  organic  compounds.  For  example,  E^  -  39.3  kcal/mol  and  ln(A/s)  =  26  is  given  for  but- 
3-enoic  add  [48]  and  Ea  =  57  kcal/mol  is  given  for  acetic  acid  [49].  In  the  500-600°C  range,  the  Ea  values 
more  closely  resemble  those  reported  for  dififiision  and  desorption  processes  [4,50,51],  e.g.,  Eg  =  7-20 
kcal/mol.  An  increase  in  pressure  to  1 1  atm  causes  a  modest  increase  in  the  Airi^iius  parameto's  [26], 


Figure  10.  Arrhenius  plot  for  form  ation 
of  volatile  products  from 
PMMA  at  2  atm  Ar. 
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Figure  11.  Arrhenius  plot  for  form  at  ion 

of  the  m  a  jo  r  V  o  la  tile  products 
from  CAB  at1  atm  Ar. 
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Tables 

Arrhenius  Parameters  for  Flash  Pyrolysis 

_ _ 

Product 

P.  atm 

Ea.  kcal/mol 

InrA/sl 

Ea.kcal/mol 

ln(A/s) 

PMMA-2000 

T=380-460°C 

T=500-600®C 

MMA 

2 

43±5 

26±3 

16+1 

8.4±U.5 

CO2 

2 

46±V 

21±V 

19+0.4 

9.8+0.2 

MMA 

11 

49±9 

29+6 

28+2 

15+1 

CO2 

11 

45±3" 

26+2^ 

30±2 

17+1 

global 

2 

45±4 

27+3 

17+1 

8.6+0.5 

global 

11 

53±7 

33+5 

27+3 

15+2 

CAB-75000 

T=465-510°C 

T=510-600X 

methyl  acetate 

1 

19±4 

11+2  5 

13+5 

8+3 

methyl  butyrate 

1 

22±4 

13+3 

8+4 

4+2 

0  1  1 

acetic  acid 

1 

40±8 

25+5 

2+2 

2+1 

butyric  acid 

1 

24±7 

15+5 

5+3 

3+2 

formaldehyde 

1 

28±7 

17+5 

8+5 

4+3 

CO2 

1 

22±5 

13+3 

8+1 

4+1 

CO 

1 

29±5 

17+3 

5+3 

2+2 

ketene 

1 

20i:3 

12+2 

4+2 

2+1 

ethyl  ketene 

1 

21±4 

12+2 

7+2 

3+1 

CAB  oligomers 

1 

13±3 

7+2 

13+3 

7+2 

global 

1 

22i:6 

13+4 

6+1.5 

3+1 

PEG-2090 

T=370-440°C 

T=370-550'’C 

monoether  oligomers 

2 

— 

— 

25±2 

14+1 

ethyleneglycol 

2 

— 

— 

29±0.4 

17±0.2 

diether  oligomers 

2 

16±1 

10±1 

— 

diethylene  glycol 

2 

20±8 

12±6 

— 

ethyl  vinyl  ether 

2 

— 

— 

22±3 

13±2 

global 

2 

7±8 

1±6 

22+4'' 

12+3*" 

global 

11 

— 

— 

52±0.3“ 

32+0.2“^ 

HTPB-2500 

T=450-530°C 

T=530-600°C 

BD 

2 

72±8 

46±5 

16±1 

9+1 

4-VCH 

2 

78±5 

50+3 

8±4 

4±2 

t-BDO 

2 

71±5 

44±3 

12+3 

7i2 

ET 

2 

70±5 

44±4 

24±2 

13+1 

CP 

2 

12±3 

7±2 

12±3 

7±2 

1,5-HD 

2 

28±1 

16±1 

28±1 

16±1 

BD 

11 

20±1 

11+1 

20+1 

11±1 

4-VCH 

11 

7±1 

3±1 

7+1 

3±1 

t-BDO 

11 

12±2 

7±1 

\2±2 

7±1 

ET 

11 

19±3 

10±2 

19+3 

10+2 

CP 

11 

-6±9 

-5±5 

-31±26 

-20±16 

1,5-HD 

11 

18+2 

10+1 

18+2 

10±1 

global 

2 

58+4 

36±4 

13+3 

8+2 

global 

11 

13±2 

7±1 

13+2 

7+1 

*T=420-500°C;  ‘1^=480-5 50®C;  'T'=400-550°C 
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CAB 


Figure  1 1  shows  the  Arrhenius  plots  for  several  of  the  major  products  liberated  by  CAB  and  Table  3 
contains  the  Arrhenius  parameters.  As  with  PMMA,  it  is  obvious  that  the  processes  which  control  the 
gasification  rates  change  in  the  5 1  Od!:20®C  range.  Below  this  range,  the  values  of  the  Arrhenius  paranieta"S 
suggest  that  the  condensed-phase  reactions  are  significant  factors.  For  instance  Ea  =  30-35  kcal/mol  has 
been  reported  for  decomposition  of  ceUuIose  above  325°C  [52,53],  Above  510±20°C,  desorption  is 
mainly  controlling  the  rate  of  product  evolution. 

PEG 


In  the  discussion  of  the  identity  of  the  products  liberated  by  PEG,  it  was  noted  that  radical  recombination 
reactions  which  compete  with  the  fi'agmentation  and  volatilization  process  produce  the  hard,  glassy  residue 
having  a  Mw  higher  than  the  parent  sample.  Above  the  transition  temperature  range  in  Figure  5,  pyrolysis 
of  both  the  parent  sample  of  PEG  and  this  glassy  residue  contribute  to  the  volatile  products  observed. 
Hence,  the  mole  fi-actions  in  Figure  5  and  the  kinetics  (Mer  above  and  below  the  transition  temperature 
range.  Figure  12  displays  the  Arrhenius  plots  for  the  products  shown  in  Figure  5,  and  Table  3  gives  thdr 
Arrhenius  constants.  The  magnitude  of  Ea  suggests  that  desorption  or  a  mixture  of  desorption  and  bulk- 
phase  decomposition  rates  dominate  the  rate  of  product  volatilization  throughout  the  entire  tempo'ature 
range  of  study.  This  description  of  the  pyrolj^is  process  for  PEG  is  consistent  with  the  kinetics  of  weight 
loss  by  PEG  oligomers  having  Mw=200-600,  which  have  been  heated  at  in  a  vacuum  [54], 

Values  of  Ea  -  10  kcal/mol  (Mw  =  200),  9  kcal/mol  (Mw  =  400)  and  17  kcal/mol  (Mw  =  600)  were 
reported.  The  implication  of  these  low  values  of  Ea  is  that  desorption/evaporation  of  PEG  oligomers, 
rather  than  condensed-phase  thermal  decomposition  processes,  dominates  gasification  when  low  Mw 
samples  are  heated.  The  fact  that  Eg  increases  as  the  Mw  increases  implies  that  condensed  phase  reactions 
begin  to  contribute  to  the  rate  of  product  volatilization. 


Figure  12.  Arrhenius  plotforthe  formation  ofthe  major  vo  la  tile 
products  from  PEG  at  2  atm  . 


HTPB 


Figure  13  shows  the  Arrhenius  plots  for  the  formation  of  products  shown  in  Figure  5.  Table  3  contains  the 
Arrhenius  constants.  Except  for  CP  and  1,5-HD,  which  are  products  of  lesso*  concentration,  the  crossover 
fi’om  bulk  chemical  reaction  control  at  lower  temperatures  to  desorption  control  at  higho-  temperatures  is 
very  similar  to  the  behavior  of  PMMA  and  CAB.  In  the  lowo"  temperature  range  the  Arrhenius 
parameters  resemble  the  values  for  chain  sdssion  measured  at  much  low^  heating  rates  [43],  e.g.  41-62±4 
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kcal/mol.  Above  the  transition  temperature,  the  Arrhenius  parameters  fell  into  the  range  of  control  by 
desorption  of  products  from  the  surface.  An  increase  in  pressure  to  11  atm  causes  a  decrease  in  the 
Arrhenius  parameters  [22],  which  is  opposite  of  the  behavior  of  PMMA. 

In  general,  clear  evidence  exists  that  desorption/evaporation  rates  rather  than  bulk  phase  decomposition 
rates  control  the  rate  of  evolution  of  volatile  products  above  500±30°C  for  PMMA,  CAB  and  HTPB. 
Below  this  temperature  range  condensed-phase  reactions  dominate  the  rate  of  product  evolution. 
Desorption  dominates  PEG  volatilization  over  the  entire  temperature  range.  These  controlling  processes 
are  even  more  evident  when  the  global  kinetics  are  considered. 


GLOBAL  KMETICS  OF  VOLATILIZATION 

The  global  kinetics  of  volatilization  are  obtained  by  summing  the  concentrations  of  all  of  the  volatile 
products.  Figure  14  shows  the  resulting  individual  Arrhenius  plots  for  the  four  polymers  at  1-2  atm.  In 
Figure  15,  these  plots  are  overlayed  on  the  same  scale  for  comparison.  It  is  apparent  that  HIPB  and  CAB 
volatilize  somewhat  faster  than  PMMA  and  PEG.  Table  3  contains  the  global  Arrhenius  constants. 
PMMA,  CAB  and  HTPB  resemble  each  other  in  that  the  Arrhenius  constants  show  the  dominance  of  bulk 
phase  reaction  control  of  volatilization  below  460-53 0°C  depending  on  the  polymer,  and 
desorption/evaporation  control  above  this  temperature  range.  PEG  is  somewhat  unique  m  that 
desorption/evaporation  mainly  controls  the  rate  of  volatilization  over  the  full  370-550  C  range  of  study. 
However,  the  parent  PEG  polymer  and  the  residue,  which  forms  concurrently  with  selected  volatile 
products,  have  somewhat  different  rates  of  volatilization.  The  bulk-phase  reactions  play  a  moderately 
greater  role  in  the  volatilization  rate  than  they  do  for  the  parent  polymer. 


These  findings  indicate  that  the  desorption  kinetics  of  PMMA,  CAB  and  HTPB  should  be  used  to  describe 
vaporization  when  the  surface  temperature  during  combustion  exceeds  the  460-530  C  range.  If  the 
surface  temperature  is  less  than  this  range,  then  bulk-phase  decomposition  reaction  kinetics  should  be  used 
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to  describe  the  volatilization  process.  For  PEG,  desorption  kinetics  mainly  describe  the  entire  temperature 
range.  Fi^re  5  shows  that  the  distribution  among  the  mole  fractions  of  the  products  for  HTPB  and  PEG 
also  shifts  in  the  transition  temperature  range. 


1  .1  0  1  .2  0  1  .30  1  .4  0  1  .50 

1  0  Vt,  k 


1  0  Vt  ,  K 


1.2  0  1.30  1.4  0  1.5  0  1.60 


1  0  ,  K 

F  ig  u  re  1  4  .  G  lo  b  a  I  A  rr h  e  n 
all  ofthe  prodi 


1  0  Vt  .  K 


iu  s  plots  fo  r  th  e  volatilization  of 
jcts  from  the  polymers  studied. 


1  o3/T,  K 

Figure  15.  The  composite  plotofglobal 
Arrhenius  plots  in  Figure  14 
for  overall  comparison. 


The  temperature  range  where  we  observe  the 
condmsed-phase  decompoation  reaction  rates  to  g?ve 
way  to  desoiption/evaporation  rates  is  similar  to  the 
480-520°C  range  which  SWensI^,  et  al  [44],  proposed 
to  be  the  limiting  temperature  for  decomposition  of 
polymers  heated  at  rates  up  to  50,000°C/s.  Above  this 
tompo^ture  range  the  condensed-phase  decomposition 
reactions  occur  faster  than  the  desorption  rate.  Hence, 
the  desorption  and  deconsolidation  process  controls  the 
rate  of  volatilization  at  high  temperature. 

MODELS  OF  VOLATILIZAIION  KINETICS 
OF  POLYMERS 


To  conclude  this  article,  several  kinetic  models  are 
described  which  include  the  decomposition  and  desorption  kinetics  and  approximately  reproduce  the 
experimental  trends  in  Figure  14  for  PMMA,  CAB,  and  HTPB.  Because  the  Arrhenius  parameters  for 
PEG  apparently  result  from  competitive  pyrolysis  of  two  forms  ofthe  polymer,  PEG  is  not  considered 
further  in  this  section. 
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To  capture  the  significant  curvature  in  the  Arrhenius  plots  in  Figure  14,  a  fi-actional  form  of  the  overall  rate 
equation  is  needed  which  combines  the  main  kinetic  terms  of  desorption  and  decomposition.  Chaike^  et  al 
[4],  presented  such  an  equation  based  on  the  Langmuir  theory  of  adsorption.  They  assumed  that  the 
limiting  process  at  the  surface  was  difiusion  of  the  polymer  fi-agments  to  the  surface.  In  contrast,  Lenge  e 
[55]  derived  a  pyrolysis  equation  without  a  fi-actional  form  which  gives  linear  Arrhenius  behavior  and  does 
not  incorporate  competitive  processes.  The  Lengelle  treatment  applies  at  the  lirmt  of  large  Ea,  i.e.,  when 
bulk-phase  reaaions  are  controlling.  Therefore,  it  fails  to  reproduce  our  experimental  results  at  higher 
temperatures. 

In  the  model  of  Chaiken,  et  al  [4],  the  relation  between  the  observed  rate  of  gaseous  product  evolution,  k, 
and  the  rate  of  desorption,  ks,  is  expressed  by  equation  5,  where  0  is  the  fi-action  of  desorption  sites. 
FoUowing  Chaiken  et  al  [4],  we  take  the  k^  to  be  the  first-order  rate  of  desorption.  Equation  6^  applies  m 
steady  state,  where  J  is  the  rate  of  difiusion  and  ^  is  the  same  as  the  ks,  but  with  units  of  mol/cm  sec.  The 
total  number  of  desorption  sites  is  the  (p/Mw)^,  where  p  is  the  density  and  Mw  is  molecular  weight,  If  ns 
represents  the  number  of  desorption  sites,  then  0  =  n^p/Mw)'^.  Therefore,  equation  7  follows  fi-om 
equation  6.  In  turn,  equation  8  applies  so  that  ^  can  be  defined  by  equation  9. 


II 

(5) 

(6) 

(7) 

dn,  . 

=  ksns  =  0^ 

at 

(8) 

^  9  \Mw) 

(9) 

In  a  modification  of  the  assumption  about  the  controlling  surface  process  [4],  we  assumed  that  condensed 
phase  decomposition  as  well  as  desorption  could  be  operative,  which  leads  to  equation  10.  p  is  a 
proportionality  constant,  k<i  is  the  rate  of  bulk  phase  decomposition,  and  Co  is  the  concentration  of  the 
polymer  in  the  bulk  phase. 

J  f  Mw\  kd 

^  p  J  ks 

(11) 

Equation  11  follows  fi^om  equations  9  and  10.  In  turn,  equation  12  is  obtained  by  substituting  equation  1 1 
into  7  and  setting  a  =  Pco(Mw/p)^ Ad/As.  As  was  pre\dously  done  [4],  a  can  be  thought  of  as  an 
adjustable  parameter.  The  remaining  terms  in  equation  12  are  the  experimentally  determined  total  rate 
parameters  given  in  Table  3. 

k^a  +  (^2) 

Figures  16  and  17  compare  the  experimental  data  to  the  predictions  of  equation  12  for  PMMA  at  2  and  1 1 
atm  and  CAB  at  1  atm.  The  values  of  a  are  given  on  the  plot.  The  smaUer  value  of  a  for  PMMA  at  1 1 
atm  compared  to  2  atm  implies  that  more  desorption  sites  exist  at  1 1  atm.  This  result  could  be  understood 
by  the  existence  of  bubbles  in  the  film  (observed)  and  on  the  surface  which  are  larger  in  number  and  smaller 
in  diameter  at  1 1  atm  than  at  2  atm.  This  would  produce  a  larger  efiective  surface  area  over  which 
desorption  can  occur. 
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Figure  16.  The  experimentalrate  of  vaporization 
ofPIVIMAat2and  11  atm  compared 
to  the  predictions  of  equation  12  with 
adjustable  a  values. 


a  =  exp(1  0.83) 
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Figure  17.  The  experimental  rate  of  vaporization 
ofCAB  at  1  atm  compared  to  the 
predictions  of  eq uation  12. 
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Figure  18.  The  experimental  rate  of  data  for  HTPB  at  2 
and  11  atm  compared  to  the  predictions  of 
equation  14  with  no  adjustable  parameters. 


Equation  12  fails  to  account  for  the  bdiavior  of 
HIPB  in  that  neith^  the  curvature  in  Figure  14  is 
captured  nor  is  the  fact  that  the  desorption  process  is 
enhanced  rather  than  suppressed  by  an  increase  in  the 
pressure  from  2  to  11  atm  [22].  The  behavior  of 
HTPB  is  explained  by  mod^ing  equation  6  to  include 
the  rate  of  adsorption,  ka,  and  the  concentration  of 
gaseous  products,  Cg.  Equation  13  is  the  results. 
With  the  derivation  ^ven  above  and  assumptions  of 
the  ideal  gas  law  (Cg  =  P/RT),  and  co*»ns, 

equation  14  is  obtained  from  equations  5  and  13. 
Figure  18  shows  the  fit  of  equation  14  to  the 
experimental  data  for  HTPB,  without  any  adjustable 
parameters.  To  was  chosen  to  be  298  K  because  the 
gaseous  products  are  quenched  in  the  T-jump/FTIR 
spectroscopy  experiment. 


(k^Cg  +  k^cJ(l-O)  =  ek,n^ 

Co  +  Cg  +  (hi/ k,)c^ 

At  the  present  time  no  single  equation  win  desaibe  the  combustion-like  pyrolysis  kinetics  of  the  non- 
energetic  polders  described  here.  IFieir  behaviors  are  simply  too  div^se.  However,  the  kinetic  equations 
for  vaporization  that  rest  on  the  Langmuir  theoiy  of  surface  processes  do  capture  the  non-linear  Arrhenius 
behavior.  This  non-linear  behavior  is  conastent  with  the  dominaiKe  of  control  by  the  desorption  process  at 
higher  temperature  and  the  dominance  of  control  by  the  bulk-phase  decomposition  kinetics  at  lower 
temperature. 


(13) 

(14) 
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COMMENTS 

Josephine  Covino-The  Pentagcm,  Washmpon.  DC,  USA.  How  do  these  kinetics  apply  to  plasticized, 
binder-filled  (i.e.  "real  propellants”)  formulations? 

Author  s  Replay.  Real  propellants"  add  a  number  of  physical  and  chonical  variables  to  the  issue  of 
pyrolysis  of  the  pure  components.  Among  the  chemical  issues  are  the  rates  of  the  reactions  in  binary  and 
ternary  phases,  the  role  of  interfece  chemistry,  and  the  expansion  of  reaction  pathways.  Among  the 
physical  eflfects  are  the  potentiaUy  different  rates  of  heat  and  mass  transfer.  Pyrolysis  kinetics  of  the  pure 
components  are  only  the  first  step  to  understand  the  behavior  of  a  binary  system.  The  binary  system  is,  in 
turn,  only  a  step  along  the  way  to  a  basic  understanding  of  the  re^  propeUant.  Hopefully,  as  we  take  these 
steps,  we  will  discover  that  the  real  propellant  is  not  as  complex  as  it  might  seem  based  on  the  many 
possible  contributing  issues. 


Stefan  Thynell-Pennsylvmia  State  University,  University  Park,  PA,  USA.  Surface  temperature  of 
burning  RDX  is  in  the  range  from  650  to  700  K.  For  RDX-composite  propellants,  such  as  the  LOVA 
series,  the  surface  temperatures  are  50  to  70  K  lower.  Your  pyrolysis  temperature  range  was  773  K  to  900 
K,  much  higher  than  the  typical  surface  temperatures  of  the  LOVA  series.  To  wdiat  ^ent  does  the  CAB 
component  decompose  in  the  condensed  phase?  Is  it  possible  that  large  CAB  (polymer)  molecules  depart 
from  the  surface  and  decompose  largely  in  the  primary  reaction  zone? 
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Author's  Reply.  After  completion  of  this  paper,  we  conducted  experiments  in  which  RDX  and  CAB  were 
intimately  mixed  and  flash  pyrolyzed.  The  results  suggest  that  RDX  and  CAB  decompose  more  or  less 
independently  of  one  another  and  that  the  surface  temperature  is,  therefore,  controlled  mostly  by  the  RDX 
chemistry  As  you  suggest,  this  means  that  mesoscopic  particles  of  CAB,  which  is  rather  thermally  stable 
at  the  surface  temperature  of  burning  RDX,  could  be  blown  off  the  surface  by  the  mass  flux  and  thereby 
pyrolyze,  not  on  the  surface,  but  mostly  in  the  near-field  flame  zone. 

Luigi  Deluca-Poltiecnico  di  Milano,  Italy.  I  liked  very  much  your  presentation;  in  particular  I 

appreciated  you  emphasis  on  pressure  effects.  We  believe  that  a  consistent  implementation  of  even  the 

simplest  Arrhenius  expression  (i.e.  zero-order)  requires  a  pressure  dependence.  Can  you  comment  on  this. 

Author's  Reply.  I  agree  that  the  zeroth-order  surface  gasifcation  process  of  a  polymer  will  have  a 
pressure  dependence.  From  the  point  of  view  of  the  effect  on  the  chemistry,  the  surface  can  be  thought  of 
as  a  flow  reactor  in  which  the  effect  of  increasing  the  pressure  is  to  increase  the  density  of  the  reacting 
species  and  increase  their  residence  time  in  the  surface  reaction  zone.  Consequently,  the  spatial  dimensions 
of  the  chemical  zones  (those  of  reactions  and  degree  of  heat  release)  are  affected  by  the  applied  pressure, 
irrespective  of  the  global  order  of  the  process. 

Vladimir  E.  Zarko-lnstitute  of  Chemical  Kinetics  and  Combustion,  Novosibirsk,  Russia.  You  made  a 
conclusion  on  the  important  (major)  role  of  evaporation/desorption  at  high  temperature  in  the 
decomposition  of  polymers.  Do  you  have  independent  additional  evidence  of  the  existence  of  these 
processes?  Is  it  possible  that  the  low  effective  energy  of  activation  resulted  fi-om  complex  kinetics  of 
chemical  reactions? 

Author's  Reply.  With  regard  to  your  first  question,  one  of  the  more  convincing  items  of  data  that 
supports  the  desorption/evaporation  hypothesis  is  Reference  54.  Ishikawa  determined  the  evaporation 
kinetics  of  several  pure  PEG  oHgomers.  The  Arrhenius  parameters  are  veiy  similar  to  those  for  PEG  in 
Table  3  at  2  atm.  Your  second  question  has  merit  in  the  sense  that  it  is  very  difficult  to  dissect  complex 
kinetics  from  the  role  of  desorption.  For  example,  in  the  case  of  HTPB,  simple  Huckel  MO  concepts 
suggest  that  the  apparent  activation  energy  of  chain  scission  decreases  with  increasing  chain  length  of  the 
oligomers  released.  This  pattern  applies,  however,  only  to  an  unsaturated  polymer  like  HTPB,  and  not  to 
the  other  saturated  polymers  discussed. 

Rose  Pesce-Rodriguez-US  Army  Research  Laboratory,  Aberdeen,  MD,  USA.  Regarding  your  comments 
on  cross-linking  of  PEG  on  thermolysis,  I  suggest  that  the  process  that  is  actually  occurring  is  chain 
transfer,  rather  that  cross-linking.  Oxygen-centered  radicals  will  attack  carbons  in  the  backbone  of  another 
PEG  chain,  displace  a  neighboring  oxygen,  and  result  in  the  formulation  of  a  new  -(C-0)-  bond.  It  is 
possible  to  increase  chain  length  through  this  process. 

Author’s  Reply.  Your  comment  on  the  mechanism  is  certainly  reasonable.  The  main  point  is  that  the  Mw 
increases  during  pyrolysis  by  this  mechanism,  which  is  what  is  observed  experimentally. 
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ABSTRACT;  This  paper  is  a  brief  review  of  the  molecular  structure  effects, 
notably  nitrate  ester  versus  nitramine  and  azide,  on  the  linear  burning  rate  of 
nitrocellulose-based  solid  propellants.  Furthermore,  these  effects  have  been 
observed  at  pressures  up  to  350  MPa.  Where  traditionally  the  linear  burning  rate 
is  a  dnect  function  of  the  flame  temperature,  some  nitramines  and  azides  display 
significant  burning  rate  increases  with  decreasing  flame  temperature  — 
seemingly  contrary  to  the  standard  combustion  theories  and  explanations. 


INTRODUCTION 

In  the  homogeneous  nitrocellulose-nitroglycerin  (NC-NG)  double-base  propellant 
system,  it  has  long  been  known  that  the  linear  burning  rate  is  a  direct  function  of  the 
flame  temperature  (Tp)  and  heat  of  explosion  (Qex).  If  one  wants  faster  burning, 
one  simply  uses  a  hotter  and  more  energetic  propellant  —  usually  one  with  a  higher 
concentration  of  nitrogen  in  the  NC  or  more  NG.  This  behavior  was  clearly 
recognized  when  NC-based  propellants  were  introduced  in  1880,  and  has  been  well 
documented  over  the  years  1,2,3, 4,5,6 

During  work  with  aliphatic  nitramines  and  azides  at  Eglin  AFB  in  the  early 
1980s,  it  was  discovered  that  many  of  these  compounds  gave  behavior  quite 
contrary  to  that  expected  solely  on  the  basis  of  flame  temperature  and/or  heat 
of  explosion  -  and  it  is  the  object  of  this  paper  to  discuss  this  unusual 
combustion  behavior.  In  general,  the  Eglin  results  have  not  been  widely 
reported  or  readily  available  to  researchers  previously.  One  unique  aspect 
about  the  Eglin  burning  rates  is  that  they  were  obtained  in  a  high  pressure 
strand  burner  at  pressures  up  to  350  MPa.  Illustrative  of  the  burning  rates 
obtained  from  20  MPa  to  350  MPa  are  those  shown  in  Figure  1. 
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Typically,  linear  burning  rates  are  measured  in  a  strand  bomb  at  relatively 
low  rocket  pressures  of  only  3  to  about  30  MPa.  However,  for  gun  propellant 
applications,  it  is  necessary  to  measure  the  burning  rate  at  significantly 
higher  pressures  —  and  up  to  350  MPa  is  desirable  since  it  approximates  the 
average  pressure  encountered  during  the  typical  gun  ballistic  cycle.  It  is 
believed  that  the  strand  burning  rates  measured  at  Eglin  at  350  MPa  are  truly 
unique  in  this  respect. 

Of  course,  linear  burning  rates  at  pressures  of  500  to  800  MPa  would  be 
even  better,  since  current  high  performance  guns  operate  at  these  higher 
peak  pressures  --  but  no  such  high  pressure  strand  burners  are  known  to 
exist  “  and  derivation  of  linear  burning  rates  from  mass  burning  rates 
measured  in  closed  bomb  firings  of  granular  propellants  are  usually  subject 
to  interpretation  because  of  the  complex  perforated  grain  geometry,  non¬ 
isochronic  ignition  effects  (all  grain  surfaces  do  not  ignite  simultaneously), 
and  the  perforations  are  not  perfectly  centered.. 


DISCUSSION  OF  RESULTS 

The  types  of  compounds  observed  to  display  burning  rate  behavior  seemingly 
contradictory  to  that  of  normal  double-base  (increasing  rate  with  decreasing  flame 
temperature)  were  of  two  general  categories:  nitraunines  and  azides,  and  the 
nitramines  in  turn  were  of  two  different  varieties  —  those  with  and  without  nitrate 
esters.  Those  with  nitrate  esters  were  known  as  NENAs  (alkyl  nitrato  ethyl 
nitramine). 

NENAs 

NENAs  7,8  are  alkyl  nitrato  ethyl  nitramines  with  the  following  structural  formula: 

NO^ 

R  -  N  -  CH^  -  CH^  -  ONO^ 

Where  R  =  an  alkyl  group  such  as  methyl,  ethyl,  propyl,  butyl,  and  pentyl.  Note  that 
the  NENAs  have  both  a  nitramine  +  nitrate  ester  moiety.  NENAs  are  completely 
miscible  in  NC  (of  12.6%  nitrogen)  in  all  proportions  to  form  homogeneous  single¬ 
phase  systems  with  no  solid  phases.  Though  the  methyl  derivative  is  a  solid  melting 
at  38-40^C,  it  is  completely  soluble  in  NC. 

When  examined  at  various  concentrations  in  NC,  it  was  found  that  not  only  did  the 
burning  rate  change  in  direct  proportion  to  the  individual  heat  of  explosion  (Qex)  of 
the  NENA  studied  —  but  more  importantly,  the  burning  rate  (in  some  cases) 
increased  as  the  flame  temperature  (Tp)  decreased. 
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In  summary,  the  following  burning  behavior  was  observed  at  350  MPa: 


NENA 

NENA 

Qex 

Hg 

Admixed  with  12.6%NNC: 

Qex  Tp  Rate 

IZg  IK  mm/sec 

Pressure 

Exponent 

40%  methyl 

4657 

4155 

2489 

232 

0.941 

40%  ethyl 

3335 

3628 

2179 

192 

1.005 

40%  propyl 

2105 

3134 

1931 

153 

1.022 

40%  butyl 

1084 

2728 

1758 

127 

1.006 

50%  butyl 

1084 

2435 

1680 

123 

1.024 

20%  pentyl 

197 

3134 

1961 

136 

0.844 

40%  pentyl 

197 

2372 

1657 

110 

1.001 

NC  control 

— 

3891 

2458 

155 

0.883 

^ese  results  are  plotted  in  Figure  2,  where  the  unusual  behavior  of  the  NENAs  can 
D  typical  NC-NG  behavior  expected.  Note  that  in  die  case  of 

FroNENA,  the  flame  temperature  decreased  by  over  500“K,  yet  the  burning  rate 
remained  essentially  unchanged.  Even  more  unusual  is  the  behavior  of  EtNENA 
where  the  flame  temperature  decreased  by  almost  300^K,  and  the  burning  rate 
increased  by  nearly  25%.  MeNENA  represents  another  case  of  unusual  burning 
where  the  flame  temperature  increased  very  slightly  (only  3rK),  yet  the  burning  rate 
almost  50%.  It  is  estimated  that  the  burning  rate  of  neat  MeNENA  (Tp  = 
2588  K)  should  be  450-500  mm/sec  at  350  MPa,  compared  to  the  NC-NG  rate  of 
170-180  mm/sec.  No  actual  bum  rate  measurement  of  neat  MeNENA  is  known,  but 
clearly,  the  nitramine  moiety  contributes  to  faster  burning. 

Nitramines 

Perhaps  even  more  dramatic  than  the  NENAs  were  three  "all-nitramine"  compounds 
where  there  were  no  nitrate  ester  or  other  energetic  moieties  present  in  the 
smicture.  These  three  nitramines  were:  dimethyl  nitramine  (DMN),  diethyl 
nitramine  (DEN),  and  dimethyl  methylene  dinitramine  (DMMD)  with  the  following 
structural  formulas: 


DMN  CH3  -  N  -  CH3  DEN  CH3  -  CH^  -  N  -  CH2  -  CH3 


NO2  NO2 

DMMD  CH3  -  N  -  CH2  -  N  -  CH3 

Because  of  the  lower  flame  temperature  (and  reduced  energy)  of  DMN  and  DEN  they 
were  examined  at  a  lower  concentration  in  NC  than  the  NENAs.  In  all  instances  these 
nitramines  were  completely  soluble  in  12.6%  N  NC  to  form  a  single-phase 
homogeneous  system,  even  though  both  DMN  and  DMMD  are  solids  melting  at  57"C 
and  49”C,  respectively. 


26 


When  added  to  NC,  DEN  lowered  the  flame  temperature  (by  more  than  500°K) 
without  affecting  the  burning  rate  —  in  much  the  same  fashion  as  ProNENA  —  only 
at  a  lesser  concentration.  For  example,  the  following  behavior  was  observed  at  350 
MPa: 


Qex 

Tp 

Rate 

Pressure 

Nitramine 

IZg 

“K 

mm/sec 

Exponent 

NC  control 

3891 

2458 

155 

0.883 

15%  DEN 

3067 

1923 

158 

0.998 

40%  ProNENA 

3134 

1931 

153 

1.022 

DMN,  having  a  more  favorable  oxygen  balance  than  DEN,  was  slightly  hotter  and 
faster  burning  that  DEN  —  not  entirely  unexpected.  When  added  to  NC,  DMN 
lowered  the  flame  temperature  (by  more  than  400°K)  and  increased  the  burning  rate 
by  almost  20%.  In  a  sense,  DMN  behaved  intermediately  between  EtNENA  and 
ProNENA  --  only  at  a  lesser  concentration.  The  following  behavior  was  observed  at 
350  MPa: 


Qex 

Tp 

Rate 

Pressure 

Nitramine 

I/g 

°K 

mm/sec 

Exponent 

NC  control 

3891 

2458 

155 

0.883 

30%  DMN 

3330 

2009 

184 

0.940 

40%  EtNENA 

3628 

2179 

192 

1.005 

40%  ProNENA 

3134 

1931 

153 

1.022 

DMMD  with  two  nitramine  groups  per  molecule  is  more  energetic  than  either  DMN 
or  DEN.  At  a  concentration  of  50%  in  NC,  it  burned  slightly  faster  than  MeNENA  — 
and  cooler  by  more  than  250°K.  The  following  behavior  was  observed  at  350  MPa: 


Qex 

Tp 

Rate 

Pressure 

Nitramine 

Hg 

'’K 

mm/sec 

Exponent 

NC  control 

3891 

2458 

155 

0.883 

50%  DMMD 

3736 

2227 

249 

1.008 

40%  MeNENA 

4155 

2489 

232 

0.941 

It  is  estimated  that  the  burning  rate  of  neat  DMMD  (Tp  =  2106“K)  should  be  about 
300  mm/sec  at  350  MPa,  compared  to  the  NC-NG  rate  of  about  100  mm/sec  (for  the 
same  Tp).  All  three  nitramines  DMN,  DEN,  and  DMMD  appear  to  be  excellent 
ingredients  for  adjusting  the  burning  rate  of  NC  propellants  —  with  little  or  no 
effect  on  flame  temperature.  Figure  3  illustrates  this  behavior  where  the  effect  of 
nitreunine  concentration  is  quite  obvious. 


In  addition,  the  well  known  nitramine  DINA  was  also  examined.  It  is  perhaps 
closer  related  to  the  NENAs,  but  contains  two  nitrate  esters  plus  a  single  nitramine 
moiety.  It  can  be  considered  a  derivative  of  DEN  with  a  nitrate  ester  on  each  end  of 
the  ethyl  linkages  —  or  as  a  derivative  of  EtNENA  with  a  second  nitrate  ester,  as 
shown  in  the  following  formula: 
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N02 

O^NO  -  CH2  -  CH2  -  N  -  CH2  CH2  -  ONO2 

Although  DINA  is  a  solid  melting  at  52^,  it  is  soluble  in  12.6%  N  NC  in  all 

^  single-phase  homogeneous  system  just  like  the  NENAs,  DEN 
DMN  and  DMMD.  When  added  to  NC,  DINA  increased  the  flame  temperature 
considerably  (by  almost  SOO'^K)  —  but  did  not  bum  appreciably  faster  than  DMMD 
which  is  500  K  cooler.  It  appears  that  the  two  nitrate  ester  groups  (in  DINA) 
increased  the  flame  temperature  appreciably,  but  with  little  effect  on  burning  rate 

over  that  expected  from  a  simple  increase  in  Tp.  Ilie  results  observed  at  350  MPa 
are  as  follows: 


Nitramine 
NC  control 
40%  DINA 
50%  DMMD 


Qex 

JZg 

3891 

4531 

3736 


Tp 

Rate 

Pressure 

nun/sec 

Exponent 

2458 

155 

0.883 

2735 

260 

0.923 

2227 

249 

1.008 

3135°K)  is  estimated  to 

be  about  400  mm/sec 

Azides 


Azides  are  popular  energetic  ingredients  which  have  attracted  considerable  attention 
world-wide  during  the  past  decade.  The  combined  effects  of  azide  4-  nitramine  in  the 
same  molecule  make  extremely  impressive  energetic  molecules.  One  diazido  nitramine 
of  interest  is  the  liquid  known  as  DANPE  l  ^  (and  previously  as  DIANP  which 
readily  plasticizes  NC  in  all  proportions  to  form  single-phase  systems. 

Mint^esting  homologous  nitramine  series  can  be  arranged  leading  from  DEN  to 
DANPE  as  follows: 


DEN 

H  -  CH2  ~  CH2  -  N  -  CH2  -  CH2 

—  H 

EtNENA 

H- 

-ONO2 

DINA 

O2NO- 

-ONO2 

DANPE 

N3- 

-N3 
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with  the  following  burning  rate  behavior  observed  at  350  MPa: 


Qex 

Tp 

Rate 

Pressure 

Nitramine 

I/g 

mm/sec 

Exponent 

15%  DEN 

3067 

1923 

159 

0.998 

40%  EtNENA 

3628 

2179 

192 

1.005 

40%  DINA 

4531 

2735 

260 

0.923 

40%  DANPE 

3473 

2246 

363 

0.822 

In  this  comparison,  it  is  seen  that  the  addition  of  a  nitrato  group  (in  EtNENA) 
increased  the  burning  rate  about  20%,  while  adding  a  second  nitrato  (in  DINA) 
produced  an  additional  35%  increase  in  burning  rate.  Even  more  impressive  is  the 
substitution  of  azide  for  nitrate  (in  DANPE)  produced  an  additional  40%  increase  in 
rate  —  with  a  simultaneous  reduction  in  flame  temperature  of  almost  500°K.  This 
effect  is  illustrated  in  Figure  4. 

It  would  be  interesting  to  examine  higher  concentrations  of  DANPE  in  NC, 
however,  because  DANPE  is  so  oxygen-deficient,  the  oxygen/carbon  (O/C)  ratio  of 
the  system  is  less  than  1.00  beyond  60%  DANPE  (where  Tp  =  2243  K),  and  solid 
carbon  would  be  formed  during  combustion. 

The  reduction  in  pressure  exponent  that  occurred  as  the  systematic  changes  were 
made  to  the  molecular  structure  is  believed  to  be  significant,  and  it  is  concluded  that 
azides  inherently  have  slightly  lower  exponents  (at  least  at  these  high  pressures)  than 
either  nitramines  or  nitrate  esters. 

Another  popular  azide  whose  combustion  was  examined  at  high  pressure  is  glycidyl 
azide  plasticizer/polymer,  commonly  known  as  GAP  —  and  is  soluble  in  NC  in  all 
proportions.  The  burning  rate  behavior  noted  was  as  follows: 


Qex 

Tp 

Rate 

Pressure 

%  GAP 

IZg 

mm/sec 

Exponent 

NC  control 

3891 

2458 

155 

0.883 

20%  GAP 

3038 

1980 

160 

0.823 

30%  GAP 

2561 

1773 

181 

0.766 

neat  GAP 

-1600 

325* 

0.692* 

The  data  for  neat  GAP  was  taken  from  the  latest  Russian  computer  program  FLAME 
and  extrapolated  to  350  MPa  [this  is  the  only  instance  of  extrapolation  used].  From 
these  data,  it  is  readily  seen  that  the  burning  rate  increases  as  the  flame  temperature 
decreases  —  much  like  DANPE.  See  Figure  5.  The  pressure  exponent  also  decreased 
-  much  more  than  was  seen  for  DANPE.  Like  DANPE,  GAP  is  also  oxygen-deficient 
and  the  O/C  ratio  quickly  drops  below  1.00  above  40%  GAP  in  NC. 

It  is  also  believed  to  be  significant  that  no  slope  breaks  or  pressure  exponent  changes 
were  observed  with  any  of  these  homogeneous  nitramine  and  azide  propellants  over 
the  entire  pressure  range  tested,  which  typically  was  15  to  350  MPa. 
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CONCLUSIONS 


Through  carefully  controlled  changes  in  chemical  composition  and  molecular 
structure,  it  is  clear  that  nitramines  bum  faster  than  their  nitrate  ester  counterparts 
and  azides  bum  even  faster  —  when  compared  at  the  same  flame  temperature. 
The  bummg  rate  of  azides  also  appears  to  be  less  sensitive  to  pressure.  These  classes 
of  ingredients  now  offer  the  propellant  formulator  a  dynamic  range  of  burning  rates 
without  sacrifices  or  trade-offs  in  flame  temperature  or  heat  of  explosion. 

It  is  also  concluded  that  high  pressure  strand  burning  rates  —  where  no  geometry 
imperfections  or  ignition  flame  spreading  effects  have  to  be  taken  into  account  — 
are  very  desirable  and  important  —  especially  in  a  regime  where  strand  burning 
rates  have  not  previously  been  measured.  It  is  strongly  recommended  that  linear 
bum  rates  and  the  combustion  of  propellants  intended  for  use  in  high  performance 
guns  be  determined  at  pressures  up  to  800-900  MPa. 

Furthermore,  this  collection  of  high  pressure  combustion  information  on 
homogeneous  propellants  with  no  solid  phases  present,  should  provide  new  or 
additional  data  for  the  combustion  modelers  to  consider  —  especially  where  it  may 
conflict  with  accepted  theory. 

It  is  recommended  that  high  pressure  burning  studies  be  expanded  to  include  other 
energetic  molecular  stmetures  (of  current  interest)  such  as:  TAG  salts,  caged 
nitramines  and  azides,  ADN  and  dinitramide  derivatives,  TNAZ  and  derivatives,  and 
tetrazoles.  It  is  recommended  that  the  study  also  include  molecules  which  could  ' 
retard  burning  with  minimal  effect  on  flame  temperature. 
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GLOSSARY 


Imti  Definition 


ADN 

BuNENA 

DANPE 

DEN 


Ammonium  dinitramide 
Butyl  nitrato  ethyl  nitramine 
l,5-diazido-3-nitrazapentane;  also  known  as  DIANP 
Diethyl  nitramine 
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DIANP 

l,5-diazido-3-nitrazapentane;  also  known  as  DANPE 

DINA 

l,5-dinitrato-3-nitrazapentane;  dinitrato  ethyl  nitramine 

DMN 

Dimethyl  nitramine 

EtNENA 

Ethyl  nitrato  ethyl  nitramine 

GAP 

Glycidyl  azide  polymer/plasticizer 

MeNENA 

Methyl  nitrato  ethyl  nitramine 

N 

Nitrogen  content 

NC 

Nitrocellulose 

NENA 

Nitrato  ethyl  nitramine  moiety 

NG 

Nitroglycerin 

PeNENA 

Pentyl  nitrato  ethyl  nitramine 

ProNENA 

Propyl  nitrato  ethyl  nitramine 

Qex 

Heat  of  explosion;  also  known  as  HOE 

TAG 

Triamino  guanidine 

TNAZ 

1,3,3-trinitro  azetidine 

Tp 

Isobaric  flame  temperature  in  ‘'K 

REFERENCES 

1.  Muraour,  H.,  On  the  relation  between  the  temperature  of  explosion  of  a 
propellant  and  its  rate  of  burning,  Comptes  Rendus  de  VAcademie  des  Sciences,  187, 
289,  1928. 

2.  Gibson,  R.  E.,  Rocket  fundamentals,  OSRD  Report  3992,  The  George 
Washington  University,  Allegany  Ballistics  Laboratory,  1944. 

3.  Crawford,  B.  L.,  Huggett,  C.,  and  McBrady,  J.  J.,  Mechanism  of 
burning  of  double-base  propellants.  Journal  of  Physical  and  Colloid  Chemistry,  54, 
June  1950. 

4.  Beckstead,  M.  W.,  Derr,  R.  L.,  and  Price,  C.  F.,  A  model  of  solid 
propellant  combustion  based  on  multiple  flames,  AlAA  Journal,  Volume  8,  No.  12, 
1970. 

5.  Fifer,  R.  A.,  Chemistry  of  nitrate  ester  and  nitramine  Propellants, 
Fundamentals  of  Solid  Propellant  Combustion,  AIAA  Series,  Volume  90,  1984, 

6.  Kubota,  N.,  Combustion  characteristics  of  rocket  propellants,  Fundamentals  of 
Solid  Propellant  Combustion,  AIAA  Series,  Volume  90,  1984. 

7.  Simmons,  R.  L.,  NENAs  -  New  energetic  plasticizers,  ADPA  International 
Symposium  on  Energetic  Materials  Technology,  Orlando,  FL,  March  21-24,  1994. 

8.  Simmons,  R.  L.,  NENA  plasticizers,  NIMIC  Workshop  on  Insensitive 
Munitions  and  New  Energetic  Molecules,  NATO  HQ,  Brussels,  Belgium,  June  22- 
24,  1994. 


31 


9.  Wright,  G.  F.  and  Chute,  W.  J.,  Nitramines  and  their  preparation  -  DINA 
US  Patent  2,461,582,  February  15,  1949. 

10.  Kincaid,  J.  F.,  Flashless  propellant  with  DINA,  US  Patent  2,698,228 
December  28,  1954. 

11.  Flanagan,  J.  E.,  Wilson,  E.  R.,  and  Frankel,  M.  B.,  l,5-Diazido-3- 
nitrazapentane  (DANPE)  and  method  of  preparation,  US  Patent  5,013,856,  May  7, 


12.  Simmons,  R.  L.  and  Young,  H.  L.,  Azido  nitramine  l,5-diazido-3“ 
nitrazapentane  (DIANP),  US  Patent  4,450,110,  May  22,  1984. 


COMMENTS 

J.  P.  Reynaud,  SNPE  Centre  de  Recherches  du  Bouchet,  France.  You  said  you 
prefer  strand-burner  techniques  to  closed  bomb  method  for  gun  propellant  burning 
rate  measurements  at  high  pressures.  Don’t  you  think  that  for  composite  gun 
propellants,  because  their  non-uniaxial  combustion  process  (with  respect  to  NC 
propellant),  the  inhibition  of  lateral  combustion  of  the  strand  could  affect  the 
representativity  of  the  measure  ?  In  a  closed  vessel,  you  have  not  this  inconvenience, 
and  at  high  pressure,  I  think  we  can  assume  the  effect  of  bad  ignition  to  be 
negligible.  You  can  also  deal  with  bad  grain  geometry  data  using  a  large  volume 
closed  vessel  to  statistically  minimize  this  problem.  What  is  your  opinion  on  that  ? 

Author  s  Reply:  Whenever  possible,  I  prefer  strands  over  perforated  granules  to 
determine  linear  bum  rate  —  to  avoid  complications  which  arise  from  assumptions 
about  grain  geometry  and  slivering  after  perforation  bum-out.  I  realize  that  one  can 
use  a  larger  volume  bomb  with  an  associated  larger  number  of  grains  (at  constant 
loading  density),  however  the  problem  of  off-center  perforations  and  slivering 
(which  occur  long  before  P  max)  still  remains.  Ignition  and  associated  flame 
spreading  into  the  perforations  does  not  occur  until  about  30  MPa,  and  so  the  low 
pressure  portion  can  be  neglected  —  however  this  will  affect  slivering  and  lead  to 
non-uniformity  of  burning,  and  difficulty  in  determining  the  true  linear  bum  rate. 
Unfortunately,  propellant  granules  do  not  always  have  perfect  geometry,  and  this 
non-uniformity  (coupled  with  non-uniform  flame  spread)  can  lead  to  erroneous 
linear  bum  rates. 
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STUDY  OF  FLAME  STRUCTURE,  KINETICS  AND  MECHANISM  OF 
THE  THERMAL  DECOMPOSITION  OF  SOLID  PROPELLANTS  BY 
PROBING  MASS  SPECTROMETRY. 

O.P.Korobeinichev,  L.V.Kuibida,  A.A.PaIetsky,  A.G.Shmakov 

Institute  of  Chemical  Kinetics  and  Combustion 
Siberian  Branch  Russian  Academy  of  Sciences 
630090  Novosibirsk,  Russia,  korobein@kinetics.nsk.su 


ABSTRACT;  The  methods  for  the  study  of  flame  structure  and  kinetics  of  the  thermal 
decomposition  of  solid  propellant  (SP)  by  probing  mass  spectrometry  (PMS)  are  described.  Several 
types  of  setups  based  on  microprobe  and  molecular  beam  mass  spectrometric  probing  for  the  study 
of  SP  flame  structure  at  high  (10  atm)  and  low  (<1  atm)  pressures  have  been  developed.  An 
installation  for  studying  thermal  decomposition  of  SP  at  the  high  heating  rate  of  SP  specimen  up  to 
20-100  degree/s  under  the  condition  approximately  similar  to  those  present  in  the  condensed  phase  in 
the  vicinity  of  the  burning  surface  is  described.  The  results  of  the  investigation  of  the  flame  structure 
of  SP  ingredients  (RDX,  ADN),  sandwich  systems  are  presented.  Profiles  of  the  species 
concentrations  in  flames  have  been  measured.  The  main  reaction  in  high  temperature  zone  of  RDX 
and  ADN  flames  has  been  determined.  The  results  of  RDX  flame  structure  modeling  are  in  a  good 
agreement  with  the  experimental  ones.  The  results  of  probing  gas  phase  zone  at  ADN  deflagration  at 
1,  3  and  6  atm.  are  presented.  Flame  structure  studies  of  sandwich  based  on  AP  allowed  a 
confirmation  of  multizone  structure  and  step-by-step  mechanism  of  reactions  in  AP  flame.  A  study  of 
thermal  decomposition  of  ammonium  dinitramide  (ADN)  by  molecular  beam  mass  spectrometry  has 
been  carried  out.  The  products  of  ADN  thermal  decomposition  and  products  release  rates  on  heating 
rate  of  20  deg/s  has  been  obtained.  Data  obtained  by  PM  at  the  SP  combustion  and  decomposition 
chemistry  are  discussed  and  compared  with  literature  data. 


INTRODUCTION 

It  is  generally  believed  that  future  progress  in  die  understanding  of  solid  propellant  (SP)  combustion  is  to 
arise  from  a  clearer  picture  of  the  chemistry  and  physics  taking  place  in  SP  flames.  The  combustion 
chemistry  of  solid  propellants  is  not  well  understood.  Much  more  detailed  information  is  required  to 
provide  progress  in  the  understanding  of  SP  combustion.  It  is  important  to  understand  die  combustion 
chemistry  since  it  is  the  type  of  information  a  propellant  formulator  or  a  chemist  may  use  to  tailor  and  (or) 
to  improve  the  performance  of  the  propellant  [1].  The  main  source  of  our  knowledge  on  the  combustion 
chemistry  of  SP  is  the  results  of  flame  structure  studies;  spatial  distributions  of  temperature  and  species 
concentration  in  flames.  [2-4]  The  main  methods  applied  to  the  investigation  of  chemical  and  thermal  flame 
structure  of  SP  are  the  following;  1)  probing  mass-spectrometry,  2)  spectroscopic  methods  -  absorption 
and  emission;  planar  laser  induced  fluorescence  (PLIF);  Spontaneous  Raman  Scattering  (SRS),  Coherent 
Anti-Stockes  Raman  Spectroscopy  (CARS);  3)  microthermocouple  technique.  [1-10] 
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Until  recently  there  were  few  works  on  SP  flame  structure.  However,  the  improvement  of  experimental 
technique,  the  development  of  works  on  flame  structure  modeling  and  the  rise  of  interest  to  SP 
combustion  chemistry,  increased  the  number  of  works  in  this  field. 


At  present  one  of  the  most  effective  and  universal  experimental  technique  for  study  mg  SP  flrae  stnirture 
is  the  method  of  mass  spectrometnc  probing  of  SP  flames  (MSPSPF)  which  was  improved.!!!]  It  allo^ 
the  detection  of  a!l  stable  species  present  in  the  flame  as  well  as  the  structure  of  SP  flames.  The  PMS 
method  consists  in  the  following:  a  burning  strand  of  SP  moves  at  a  speed  excee^g  the  bummg  mte 
toward  a  probe  so,  that  the  probe  is  continuously  sampling  gaseous  species  from  all  die  zon^  f 
those  adjacent  to  the  burning  surface.  Tfre  sample  is  transported  to  an  ion  source  of  a  bme-of-fli^t  (TOP) 
or  quadrupole  mass  spectrometer.  Mass  spectra  of  samples  are  recorded  with  simultaneous  filmmg  of  the 
probe  and  burning  surface.  The  data  allow  identification  of  stable  components,  determination  of  their 
roncentrations  and  spatial  distributions,  i.e.  the  study  of  flame  microstructure.  The  method  of  probmg 
mass  spectrometry  is  successfully  applied  also  for  the  study  of  kinetics  and  mechamsm  of  SP  fcermal 
decomposition.  Thermal  decomposition  of  SP  is  one  of  the  most  important  stages  of  SP  combustion 
process.  The  reactions  taking  place  in  the  surface  layer  of  burning  SP  are  suppliers  of  gas  products  which 
subsequent  reactions  result  in  heat  release  sustaining  the  combustion  process.  Therewith  kinetics  and 
reaction  mechanism  of  SP  thermal  decomposition  and  dieir  ingredients  at  the  temperature  close  to  the  one 
at  the  burning  surface  are  necessary  to  an  understanding  of  combustion  mechamsm  and  development  of 
SP  combustion  model.  Such  information  can  result  from  using  Rapid-Scan  FTTR  spectroscopy, 
SMATCH/FTK,  T-Jump/FTIR,  developed  by  T.Brill  as  well  as  the  method  of  differential  mass- 
spectrometric  thermal  analysis  (DMTA).[12,13]  It  allows  the  acquisition  of  information  about  &e 
products  of  SP  decomposition  as  well  as  the  rate  of  evolving  each  product  as  a  function  of  time.  The 
purpose  of  this  work  is  to  describe  mass  spectrometric  probing  technique,  to  demonstrate  it  application 
with  some  examples  for  the  study  of  SP  flame  structure  and  thermal  decomposition. 


EXPERIMENTAL  TECHNIQUES 

Two  types  of  apparatuses  have  been  developed  to  study  flame  structure.  The  sample  is  transported  m  an 
ion  source  as  a  molecular  flow  using  a  microprobe  with  the  inlet  orifice  of  10-20  pm  in  the  first  type  of 


Figure  1.  MBMS  system  for  studying  the  flame  structure  of  solid  propellants  with  TOFMS. 
1)  combustion  chamber;  2)  scanning  system;  3)  probe; 

4)  ion  source;  5)  skimmer  chamber;  6)  collimator; 

10)  slotted  disk;  11)  electromagnetic  chopper. 

12)  ignition  spiral;  13)  stepper  motor; 

14)  burning  strand;  15)  thermocouple. 
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setup  and  as  a  molecular  beam  using  a  sonic  probe  with  die  inlet  orifice  of  20-200  pm  in  the  second  type. 
The  former  setup  has  a  high  spatial  resolution  and  just  slightly  disturbs  the  flame  allowing  study  of  the 
flame  with  a  narrow  combustion  zone  up  to  0.1  mm.  However,  in  this  case  radicals  recombine  and 
quenching  can  become  a  problem.  Tfie  latter  setup  with  molecular  beam  mass  spectrometric  (MBMS) 
sampling  allows  detection  of  radicals,  but  more  strongly  disturbs  the  flame,  and  therefore,  has  a  reduced 
spatial  resolution. 

Figure  1  shows  the  MBMS  system,  which  has  been  used  to  examine  flame  structures  of  RDX, 
ADN.[2-4]  It  includes;  an  apparatus  for  probing  a  flame  containing  a  molecular  beam  sampling  system,  a 
time-of-flight  mass  spectrometer  (TOFMS)  type  MSKh-4  as  a  detector,  a  combustion  chamber,' a 
scanning  system,  a  data-acquisition  system  and  an  experiment  controller  based  on  CAMAC  equipment 
and  a  computer.  A  probe  produces  a  molecular  beam  which  passes  to  an  icm  source. 

The  flame  is  sampled  with  a  probe  (3),  a  25  mm  high  cone  with  a  50°  external  angle,  a  40°  internal  angle, 
and  a  50-100  pm  diameter  orifice  at  the  apex  (at  1  atm).  The  ignition  spiral  (12)  is  automatically  removed 
from  the  combustion  zone  after  igmtion.  To  scan  SP  flame  a  control  system  and  a  stepper  motor  (13)  are 
required.  The  burning  strand  (14)  is  moved  witii  a  motor  (13).  Thermocouple  (15)  serves  to  measure 
temperature  profile  in  flame.  A  strand  is  moved  at  a  speed  less  than  10  mm/s  and  is  driven  by  a  st^per 
motor,  one  step  is  1.25  pm.  The  data  acquisition  and  control  system  consists  of  computer  AT486,  a 
CAMAC  apparatus,  a  double-beam  oscilloscope,  a  scanner  control,  and  a  printer.  To  study  the  flame 
structure  at  high  pressure  by  MBMS  quartz  probe  with  the  inner  angle  of  40°  with  the  orifice  of  50  pm  at 
3  atm,  20  pm  at  6  atm  and  wall  thickness  near  the  probe  tip  of  25  pm  has  been  used.  For  visualizaticai  of 
combustion  process  video  camera  Panasonic  NV  -  M3  000  EN  have  been  used.  The  stucfy  of  H2/02/Ar 
(0. 1/0.05/0.85)  flame  structure  stabilized  on  flat  burner  at  10  atm  has  been  carried  out  to  denKmstrate  the 
possibility  of  MBMS  application  for  the  study  of  flame  structure  at  high  pressure.  [14]  For  the 
investigation  of  sandwich  systems  the  setup  of  the  first  type  with  microprobe  sampling  was  used.  The 
combustion  products  were  sampled  using  a  quartz  probe  wifli  sampling  orifice  20  pm.  For  obtaining 
mole  fraction  of  products  calibration  on  individual  substances  and  their  mixes  has  been  carried 
out. 

Temperature  profiles  have  been  measured  in  some  cases  with  an  immovable  thermocouple,  in  others 
cases  -  thermocouple  moving  toward  burning  surface  of  a  strand  with  a  scanning  device  at  the  rate, 
exceeding  the  burning  rate.  Pt-Pt(10%)Rh  and  W-WRe  thermocouples  with  the  wire  diameter  of  20- 
30  pm  were  used.  The  time  constant  for  Pt-PtRh  thermocouple  20  pm  in  diameter,  3  mm  in  length 
has  been  found  to  be  0.004  s.  Temperature  in  ADN  combustion  products  was  measured  with  a 
thermocouple  Pt-Pt(10%)Rh  '~120  microns  in  total  diameter.  The  width  of  thermocouple  wires  was 
50  microns.  The  thermocouple  was  protected  with  an  noncatalytic  coating  Ceramobond  569.  The 
coating  width  was  35  microns.  The  thermocouple  arm  length  was  2  mm.  Thermocouple  outlets  were 
placed  in  quartz  capillaries  5  mm  in  length  and  0.5  mm  in  diameter  and  fastraed  to  the  ceramic  tube. 
Thermocouple  was  inserted  between  igniter  loops  made  from  nichrome  wire  (Figure  2). 
Thermocouple  junction  was  situated  within  -1-2  mm  below  the  plane,  in  which  igniter  loops  are 
located.  The  distance  between  the  thermocouple  and  ADN  strand  surface  is  comprised  -0.2-0. 5  mm. 

The  setup  for  mass  spectrometric  investigations  of  the  kinetics  of  SP  thermal  decomposition  under 
the  conditions  approximately  similar  to  those  present  in  the  condensed  phase  in  the  vicinity  of  the  SP 
burning  surface  and  the  method  itself  are  detailed  early.  [2]  The  study  of  ADN  thermal  decomposition 
was  conducted  through  their  heating  at  the  rate  of  about  20  degree/s  in  an  oxidized  crucible  and 
analysis  of  decomposition  products  with  molecular-beam  mass  spectrometry  (Figure  3).  The  crucible 
was  produced  from  aluminum. 

There  is  a  hollow  at  its  upper  side  4  mm  in  diameter  and  -2  mm  in  depth  for  the  installation  of  ADN 
crystals.  There  is  an  aperture  in  the  crucible,  where  a  thermocouple  is  clamped  to  conduct 
measurements  of  the  sample  sublayer  temperature.  The  crucible  is  oxidized  through  electroplating, 
the  width  of  A1203  coating  comprising  -50-100  microns.  It  protects  against  an  electric  contact  of 


40 


thermocouple  and  electrical  furnace  winding  with  the  crucible.  The  crucible  is  externally  heated  with 
a  winding  from  nichrome  wire.  The  crucible  is  fastened  to  a  ceramic  tube  installed  into  a  glass  mbe 
10  mm  in  diameter,  through  which  argon  flow  is  fed.  The  crucible  is  located  within  ~l-2  mm  from 
the  tip  of  quartz  sampler. 


RESULTS 

The  study  of  combustion  chemistry,  RDX  and  ADN  flames  structure  is  of  interest  for  two  reasons. 
First  they  present  an  alternative  to  ammonium  perchlorate  (AP)  as  ecologically  pure  oxidizers  in 
solid  propellants.  Secondly,  a  detailed  study  of  their  combustion  mechanism  on  a  molecular  level  and 
development  of  models  of  their  combustion  seem  to  be  possible  owing  to  the  simplicity  of  their 
chemical  structure  and  relatively  small  number  of  possible  products. 


RDX  Flame  Structure. 

Figure  4  represents  concentration  profiles  of  the  reacting  components  in  RDX  flame  at  p=0.5  atm. 
found  on  RDX  flame  probing  with  MBMS  and  on  modeUng  by  Ermolin  et  al..[15,16]  They  are  in  a 
good  agreement  with  each  other.  The  results  of  modeling  condurted  by  Mellius  are  m  a  better 
agreement  with  the  above  experimental  results.[17]  The  experiment  shows  oxidation  of  cyanohydrogen 
HCN  with  nitrogen  oxide  to  be  responsible  for  the  heat  release  in  flame  and  to  effect  RDX  burning  rate. 


ADN  Flame  Structure. 

Ammonium  dinitramide  (ADN)  is  a  new  energetic  material  which  can  be  used  as  an  oxidizer  in  solid 
rocket  propeUants  with  high  environmental  safety.[18]  ADN  is  more  simple  in  its  chemical  structure 
and  number  of  involved  elements  than  RDX.  ADN  decomposition  chemistry  was  studied  by  the 
method  T-Jump  FTIR  at  260°C  at  1  atm.  Ar.[12]  The  decomposition  process  becomes  strongly 
exothermic  as  the  first  gas  products  are  detected.  The  first  detected  products  are  mostly  HNO3,  NH3 
and  N2O  in  roughly  similar  amounts.  Minor  quantities  of  NO2.  ammonium  nitrate  (AN)  and  H2O  are 
also  present  in  the  initial  spectrum.  Gas  product  ratio  has  also  been  obtained  on  a  laser-pyrolyzed 
strand  of  ADN  with  the  use  of  a  quartz  microprobe  mass  spectrometer  MPMS  and  are  comparable 
to  those  obtained  by  IR  spectroscopy.  ADN  material  was  received  as  a  crystalline  powder  and  was 
pressed  into  cylindrical  pellets  0.64  cm  in  diameter,  0.4-0.9  cm  long  with  a  consolidation  pressure  of 
about  500  atm.  Pellet  densities  were  approximately  of  1.5  g/cml  Regression  rates  of  ADN  pellets 


to  voltmeter 


Figure  2  Installation  for  temperature  Figure  3.  Installation  for  mass 

measurements  at  ADN  combustion  at  3  and  6  atm  spectrometnc  thermal  analysis 
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Figure  4.  Temperature  and  species  mole  fractions  profiles  in  RDX  flame  at  0.5  atm. 
Dots  -  experiment,  solid  line  -  modeling 


under  1  atm  increased  from  0.5  cm/s  to  0.7  cm/s  as  the  incident  heat  flux  was  increased  from  50 
W/cm^  to  300  W/cm^.[6]  Temperature  measurements  using  fine-wire  thermocouples  indicated  a 
surface  temperature  of  570-580K  at  1  atm.  MPMS  technique  did  not  allow  HNO3  detection  in 
products  of  laser  pyrolysis  of  ADN.  Self-sustaining  deflagration  of  ADN  under  1-6  atm  have  been 
studied  in  this  work  by  MBMS.  First  our  results  on  study  of  ADN  flameless  deflagration  at  1  atm 
have  been  presented  earlier.  [19]  ADN  used  in  this  work  have  been  synthesized  at  Zelinsky  Institute 
of  Organic  Chemistry  Russian  Academy  of  Sciences  by  the  method  described  earlier.  [20]  The  purity 
of  ADN  is  97%.  The  main  impurity  is  AN  (about  3%).  Melting  starts  at  90-94°C.  Decomposition 
starts  at  i30-135°C.  Specific  density  of  ADN  crystal  is  1.82  g/cm^  ADN  strands  21  mm  in  length, 
10  mm  in  diameter,  of  specific  density  of  1.79  g/cm^  pressed  using  the  pressure  of  7000  atm.  They 
bum  steadily  and  flamelessly  at  1  and  3  atm.  The  flame  appears  at  the  ADN  deflagration  at  6  atm. 
Different  methods  were  applied  to  measure  the  burning  rate:  those  based  on  signals  from 
thermocouples  and  mass-spectra  of  a  strand  ignition  or  extinction  (at  1,  3,  6  atm)  and  on  video¬ 
recording  data  as  well  (at  6  atm).  The  results  of  studying  burning  rate  and  final  burning  temperature 
at  different  pressures  (1-6  atm)  are  tabulated  in  Table  1. 


Table  1 


Burning  Rate  U  and  Final  Temperature  of  ADN  Combustion  Products  Tc  in  Relation  to  Pressure  p 


p,  atm 

1 

3 

6 

U,  mm/s 

3.44±0.05 

12±I 

19±2 

Tc,®C 

320-370 

550±80 

1080±30 

Two  types  of  experiments  on  mass  spectrometric  probing  of  ADN  burning  zone  have  been 
conducted;  a)  A  strand  mounted  at  the  distance  of  1  mm  from  the  probe  is  immovable.  Burning 
surface  is  moving  outward  from  the  probe  at  ADN  burning  rate;  b)  burning  strand  is  moving  toward 
the  probe  at  the  rate  exceeding  ADN  burning  rate.  Both  methods  w^-e  used  when  determining 
combustion  products  composition  at  1  atm.  In  the  experiment  of  the  first  type  the  following  masses 
have  been  detected  in  mass  spectra  of  samples  with  drawn  from  combustion  products:  46  (NO2 
HNO3),  30  (NO,  N2O,  NO2,  HNO3),  44  (N2O),  17  (NH3,  H2O),  28  (N2,  N2O),  18  (H2O),  63 
(HNO3).  Mass-spectrum  of  ADN  combustion  products  at  1  atm  is  represented  in  Table  2. 

Table  2 

Relative  Peak  Intensities  Ii/144  m  the  Mass-Spectrum  of  ADN  Combustion  Products  at  1  atm 


m/e 

17 

18 

28 

30 

44 

46 

62 

63 

I/I44 

0.78 

0.35 

0.26 

1.4 

1 

1.3 

6.3- 10'^ 

l.MO’^ 
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Along  with  the  above-mentioned  mass  peaks  a  peak  62  amu  was  found,  its  intensity  exceeded  the 
peak  at  63  amu  by  a  factor  of  5-6.  The  peak  of  62  amu  has  not  been  identified  yet.  It  is  supposedly 
assigned  to  nitramide  NH2NO2.  Identification  requires  calibration  for  this  specific  compound.  We 
supposed  the  detection  of  peak  of  mass  124,  attributable  to  molecular  ion  ADN,  and  those  of  106 
and  107  attributable  to  molecular  and  fragmentary  ions  of  dinitramide.  However  these  peaks  have 
not  been  found  even  in  the  mass-spectra  of  samples  taken  within  0.2  mm  from  the  burning  surface. 
The  nature  of  peaks  behavior  with  time  (seldom  sharp  fluctuations)  is  indicative  of  the  formation  of 
AN  aerosol  both  from  the  reaction  in  condensed  phase  and  from  NH3  and  HNO3  reaction  in  gas 
phase  We  have  made  verification  of  heat  balance  conservation  at  condensed  phase  surface  on  ADN 
flameless  burning  at  1  atm  as  a  result  of  ADN  thermal  decomposition,  accounting  for  mole  fractions 
and  enthalpies  of  the  reaction  products,  temperature  of  ADN  burning  surface  (320°C).  It 
demonstrated  that  heat  balance  at  the  burning  surface  is  conserved  if  it  is  supposed  that  AN  is 
available  in  gas  phase  in  the  concentration  of  0.05  (mole  fi-actions).  The  composition  of  products  of 
ADN  flameless  burning  at  the  pressure  of  1  atm  calculated  from  samples  mass-spectra  and 
calibrations  from  combustion  products  is  tabulated  in  Table  3. 

Table  3 

The  Composition  of  Products  of  ADN  Flameless  Burning  (Mole  Fractions)  at  the  Pressures  of  1  and  3  atm 


p,  atm 

NH3 

H2O 

NO 

N2O 

NO2 

HNO3 

N2 

Balance  H:0;N 

1 

0.18 

0.17 

0.01 

0.16 

0.38 

0.07 

0.03 

0.95:1.31:1.02 

3 

0.08 

0.27 

0.23 

0.23 

0.07 

0.035 

0.08 

0.82:0.98:1.04 

A  comparison  with  the  data  on  thermal  decomposition  and  laser-pyrolysis  of  ADN  (received  from 
another  source  and  possibly  having  distinctive  characteristics)  showed  some  difference  from 
them.[12,6]  Table  3  tabulates  data  on  the  composition  of  products  of  ADN  flameless  burning  at  the 
pressure  ^3  atm  as  well.  They  resulted  from  the  experiments  on  ADN  combustion  products  probing 
at  3  atm,  where  the  strand  face  to  be  ignited  was  situated  within  2  mm  from  the  probe  and  ADN 
burning  surface  was  moving  outward  from  the  probe  at  the  rate  of  ADN  burning.  Typical 


Time,  s 


Figure  5.  Typical  mass  peak  intensity 
dependencies  from  time  at  probing  ADN 
combustion  zone  at  3  atm. 


Figure  6.  Species  mole  fraction  profiles  and 
element  balances  in  ADN  flame  at  6  atm.  (u  =  20.3 
mm/s) 
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dependencies  of  mass-peaks  intensities  on  time  in  mass-spectra  of  samples  taken  from  the  locations 
at  different  distances  from  the  surface  of  ADN  "flameless”  burning  at  3  atm  are  represented  on 
Figure  5.  One  can  see  that  apart  from  the  periods  of  strand  ignition  intensities  of  all  mass  peaks  are 
nearly  constant  in  time.  The  peak  of  m/e=62  was  not  found  in  samples  mass-spectra  at  3  atm.  Table 
3  makes  clear  that  mole  fractions  of  NH3,  HNO3  and  NO2  are  decreasing  and  the  ones  of  H2O,  NO, 

N2O,  N2  are  increasing  with  pressure  rise.  It  is  interesting  to  note  that  the  strand  failed  to  be  ignited 
at  2  atm. 

We  did  not  study  the  zone  located  at  the  distance  less  than  2  mm  from  the  surface.  The  possibility  of 
a  narrow  zone  of  "low  temperature"  flame  in  the  vicinity  to  the  burning  surface  at  3  atm  should  not 
be  excluded.  Concentration  profiles  of  ADN  flame  species  at  the  pressure  of  6  atm,  starting  at  the 
distance  of  4  mm  from  the  burning  surface,  and  element  balances  are  represented  on  Figure  6  It  is 
obvious  that  ammonia  (NH3)  oxidation  with  HNO3  and  N2O  is  the  main  reaction  to  result  in  heat 
release  in  gas  phase.  This  reaction  gives  NO,  N2,  H2O  as  products.  Data  on  the  products 
composition  in  ADN  flame  at  6  atm  at  the  distance  4.4  and  19.6  mm  from  the  burning  surface  are 
tabulated  in  Table  4.  NO2  is  absent  at  the  distance  of  4.4  mm. 

Table  4 

Products  Composition  (in  Mole  Fractions)  in  ADN  Flame  at  6  atm  at  the  Different  Distances  L  from 

the  Burning  Surface 


L.  mm 

NH3 

H,0 

NO 

N2O 

N, 

HNO3 

4.4 

0.07 

0.31 

0.23 

0.28 

0.10 

0.02 

19.6 

0 

0.45 

0.25 

0.20 

0.11 

0 

Lack  of  mass  balance  by  elements  throughout  the  burning  zone  is  10-20%.  The  data  of  two 
experiments  on  temperature  profile  measurements  in  ADN  flame  at  6  atm  are  rqjresented  on 
Figure  7.  One  can  suggest  that  the  zones  of  "low  temperature"  (cool)  flames  are  not  percent  near  the 
ADN  bummg  surface,  although  it  requires  verification  to  be  performed  in  future.  Components 
concentration  (from  4  mm)  and  temperature  profiles  obviously  testify  that  temperature  and 
components  concentration  gradients  are  low  (nearly  absent)  nearby  the  burning  surface  at  the 
distance  above  2  mm,  however  near  to  a  surface  significant  t^perature  and  components 
concentration  gradients  can  exist.  It  means  that  the  reaction  zone  in  condensed  phase  controls  the 
rate  of  ADN  deflagration  at  p  <  6  atm.  The  flame  Ufts  off  the  burning  surface  and  exists  under 
selfignition  conditions. 


Distance  from  ADN  burner  surface,  mm. 


Figure  7.  Temperature  profiles  (two  Figure  8.  The  rates  of  decomposition  products 

experiments)  in  ADN  flame  at  6  atm.  evolvings  and  temperature  as  a  function  of  time 

at  ADN  decomposition  at  1  atm. 


Study  of  ADN  Thermal  Decomposition  Using  Mass  Spectrometric  Thermal  Analysis. 


As  ADN  thermal  decomposition  controls  its  deflagration  rate  at  p<6  atm  as  it  was  shown  above  and 
it  is  a  very  important  stage,  a  study  of  ADN  thermal  decomposition  was  earned  out^  Figure  8 
represents  the  results  on  ADN  mass-spectrometric  thermal  analysis  at  the  heating  rate  of  about  20 
degrees/sec  at  1  atm.  Decomposition  of  one  ADN  crystal  weighing  less  than  1  mg  was  studi^. 
Maximums  of  NaO  and  Na  evolvment  rates  are  obviously  found  at  a  lower  temperature  (~245°C) 
than  those  of  other  products  -  NO2,  H2O,  NH3  (255»C).  The  rate  of  NO  evolution  is  rather  low. 
Evolution  of  HNO3  takes  place  as  well,  but  the  accuracy  m  HNO3  peak  measurements  was  rather 
low  under  these  conditions.  The  ratio  between  the  amounts  m;  of  the  resulting  decomposition 
products  (the  area  under  each  curve)  m  N2O  >  m  H2O  >  m  NO2  >  m  Nj  >  m  NH3  is  the  same  as 
when  decomposing  ADN  at  260'>C  and  1  atm  in  the  experiments  of  T.Brill  et  al.  carried  out  using  T- 
Jump  FTIR  procedure.[12]  Further  investigations  should  be  aimed  at  the  determination  of  kinetic 
parameters  of  ADN  thermal  decomposition  at  different  pressures  and  the  determination  of  their 
relation  to  ADN  deflagration  rate. 


Sandwich  Flame  Structure. 


The  study  of  combustion  mechanism  of  systems  of  sandwich  type,  of  their  flames  structure  is  of 
interest  in  connection  with  the  necessity  to  understand  and  describe  processes  taking  place  at  the 
surfece  of  oxidizer-’base”  contact  in  propellant,  which  is  of  importance  for  the  creation  of  a  reahstic 
model  of  composite  solid  propellants  combustion  models.[21]  A  study  of  flame  structure  of 
sandwich  systems  has  been  carried  out.  Oxidizer  -  "base"  sandwiches  are  the  best  models  of 
composite  propellants.  The  structure  of  subatmospheric  flames  of  sandwich-type  systems  consisting 
of  alternating  laminae  of  ammonium  perchlorate  (AP)  and  "base"  has  been  studied. [22]  Base  is  a 
polymerized  mixture  of  fine-grained  AP  (particle  size  <50  pm)  and  polybutadiene  binder  (PB).  A 
"base"  of  the  following  composition  was  used:  54%  AP  +  46%  PB.  Sandwiches  consisted  ®f  five 
alternating  laminae:  three  AP  laminae  and  two  "base"  laminae.  An  AP-based  sandwich  was  prepared 
of  pressed  AP  plates  (density  1.85  g/cm'^  thickness  1.3  mm)  and  a  laminae  (thickness  1.0  mm)  of 
polymer  "base".  Thermal  structure  of  flames  was  studied  using  thermocouples  (tungsten-rhenium 
wires  30  and  50  pm  in  diameter)  embedded  in  propellant  samples.  Chemical  structure  of  flame  was 
analyzed  by  mass  spectrometric  probing  (using  a  microprobe)  similar  to  the  one  described 
earUer.[23]  Quartz  cones  had  a  15-20  pm  sampling  orifice.  In  order  to  study  the  structure  of  the 
burning  surface  and  the  shape  of  an  oxidizer  and  "base"  laminae,  samples  were  quenched  using  rapid 
depressurization. 

At  low  pressures  AP-lamina  were  found  to  protrude  above  "base"  lamina  approximately  by  0.5  of 
lamina  thickness  and  have  a  shape  dose  to  circle  segment.  Figure  9  shows  surface  profiles  of 
quenched  strands  for  sandwiches.  The  profiles  of  concentrations  for  17  stable  components  and  of 
temperature  for  three  cross-sections  corresponding  to  the  middle  of  "base"  lamina,  and  to  the 
interface  between  the  laminae  have  been  determined.  The  following  components  have  been  found  in 
the  sandwich  flames:  H2,  NH3,  H2O,  C2H2,  HCN,  CO,  N2,  NO,  HCl,  CO2,  N2O,  NO2,  ClOH,  O2, 
C4H6,  CIO2,  CI2,  HCIO4.  Mole  fractions  and  temperature  profiles  for  the  cross-sections 
corresponding  to  the  middle  of  AP  and  “base”  laminae  are  shown  in  Figure  9.  The  analysis  of  the 
obtained  data  testifies  that  there  are  two  zones  in  flame  in  the  cross  section  corresponding  to  the 
middle  of  AP  lamina.  The  first  zone  adjoining  the  burning  surface  of  AP  is  a  narrow  (about  0.2  mm) 
AP  flame  zone  wherein  ammonia  is  oxidized  by  HCIO4  and  CIO2  to  yield  NO,  O2,  and  other 
substances.  In  the  second  wider  (about  3  mm)  zone  O2  and  NO  are  consumed.  Oxygen  and  nitric 
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Figure  9.  Profiles  of  temperature  and  species  concentration  profiles  at  sandwich  flame  probing 


oxide  are  ronsumed  in  oxidation  reaction  of  carbon  monoxide  with  CCb  and  N2  formation-  HCN 

destruction,  HCN  and  C2H2  penetrated  nght  up  to  the  oxidizer  surface  due  to  diffiision-  there  is  a 

^^ApTf  ^  components,  directed  to  the  burning  surface.  These  products  can  react 

with  AP,  that  may  be  an  additional  source  of  heat  release  on  the  burning  surfece. 


CONCLUSIONS 


of  chS™  spectrometry  is  an  important  instrument  for  the  study 

soertr^co^c  fl  combustion  and  thermal  decomposition.  It  is  a  good  addition  to  the 

spectroscopic  methods  of  flames  investigation  and  such  methods  of  the  investigation  of  SP  thermal 
ecomposition  under  the  conditions  close  to  those  of  combustion  as  SMATCH/FTIR,  T-Jump/FTIR 

which  m  Its  turn  facilitates  propeUants  formulation  and  the  prediction  of  propellants  baUistic 


behavior. 
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ABSTRACT.  Four  HONO  reactions  of  importance  in  the  combustion  of  nitramines 
involving  H,  OH,  NO  and  NH2  have  been  studied  by  ab  initio  molecular  orbital 
calculations.  The  results  of  these  calculations,  using  the  Gaussian-2  and  modified 
Gausslan-2  methods,  indicate  that  all  of  the  reactions  except  NH2  +  HONO  occur  by  both 
direct  abstraction  and  indirect  metathetical  reactions.  Take  the  H  +  HONO  reaction,  for 
example,  the  direct  abstraction  process  producing  H2  +  NO2  appears  to  be  the  the  least 
important  channel,  whereas  the  attack  of  the  H  atom  at  the  N  site  producing  HNO  +  OH  via 
the  excited  HN(0)0H  intermediate  is  the  dominant  channel.  The  theoretically  computed 
molecular  structures,  vibrational  frequencies  and  energies  for  the  reactants  and  transition 
states  were  used  to  calculate  rate  constants  for  different  product  channels  of  these 
reactions  employing  the  conventional  transition-state  theory  or  the  canonical  variational 
transition-state  theory  (depending  on  reaction  barriers  involved)  for  direct  abstraction 
reactions  and  using  the  RRKM  theory  for  complex-forming  indirect  metathetical  processes. 


1.  INTRODUCTION 

Nitrous  acid  (HONO)  is  a  key  intermediate  in  the  decomposition  reactions  of  ammonium 
nitrate  (AN),  ammonium  dinitramide  (ADN)  and  RDX/HMX  propellants.  Because  of  its 
relatively  weak  H-O  bond,  with  D(H-ONO)  =  327.5  ±  2.1  kJ/mole.^  HONO  may  be  an 
effective  radical  scavenger  for  reactive  species  such  as  H,  OH  and  NH2: 

(1)  H  +  HONO  H2  +  NO2,  H2O  +  NO,  etc. 

(2)  OH  +  HONO  ^  H2O  +  NO2 

(3)  NH2  +  HONO  NH3  +  NO2 

These  exothermic  reactions  convert  more  reactive  chain  carriers  to  the  comparatively  less 
reactive  NO2  molecule.  With  few  exceptions, 2  the  kinetics  and  mechanisms  of  most 
HONO  reactions  in  the  gas  phase  have  not  been  thoroughly  and  quantitatively 
investigated.  For  example,  the  rate  constant  for  the  simplest  HONO  metathetical  reaction 
(1),  has  not  yet  been  directly  determined  and  the  product  of  the  reaction  has  been 
invariably  assumed  to  be  H2  +  NO2  in  computer  modeling  of  complex  systems.  The 
results  of  our  recent  ab  initio  molecular  orbital  calculations  reveal,  however,  the  presence 
of  other  potential  product  channels,  which  may  occur  with  smaller  reaction  barriers. 
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The  objective  of  this  article  is  to  use  the  recently  developed  high-level 
orbital  calculation  techniques  for  elucidation  of  the  mechanisms  of  these 
MONO  reactions.  The  rate  constants  for  their  low-energy  reaction  paths  will  be  calculate 
with  various  statistical  theories  and  recommended  for  future  applications. 


2.  COMPUTATION  METHODS 


2.1.  Ab  Initio  MO  Calculations 

The  geometries  and  energies  of  the  reactants,  products,  intermediates  ‘^ition 
states  for  all  of  the  systems  studied  have  been  calculated  with  the  Gaussian-2  (G2)  or  the 
modified  Gaussian-2  (or  G2M)  method.^  With  the  former  method,  developed  by  Pople 
and  coworkers,3  geometries  were  optimized  at  the  UMP2/6-311G(d,p)  level  of  1^heoi7  and 
the  calculated  frequencies  and  zero-point  energy  (ZPE)  corrections  were  scaled  by  0.95. 
With  the  G2M  method  developed  by  Mebel  et  al.,-*  geometries  of  gP®®'®®  p!)? 

transition  states  involved  were  optimized  at  the  hybnd  density  functions  ■  B3LYP/6- 
31 1G(d  p)  level  of  theory.  The  B3LYP  vibrational  frequencies  were  calculated  for  ZPE- 
Lrrections  and  for  trai^ition  state  theory  (TST)  and  Rice-Ramsperger-Kassel-Marcus 
(RRKM)  calculations  without  scaling. 

The  energies  of  various  species  including  TS’s  were  further  improved  with  higher  levels 
of  theoretical  calculations  as  described  in  the  G23  and  G2M  schemes.  The  G2  scheme 
consists  of  a  series  of  calculations  to  approximate  the  QCISD(T)/6-31 1+G(3df,2p)  energy 
using  U(R)  MP2  geometries,  whereas  the  G2M  scheme  uses  a  °J 

calcLtions  to  approximate  the  RCCSD(T)/6-311+G(3df,2p)  energy7.8  with  B3LYP 
geometries.'*  Several  approximations  to  the  G2M  (RCC)  s^®8nie  cart  be  made  for 
systems  as  high  as  six  to  seven  heavy  atoms  (such  as  N,  C  and  O).  A  detailed  descnpt  on 
of  the  schertie  can  be  found  in  Ref.  4.  All  calculations  were  carried  out  with  the 
MOLPRO948  and  Gaussian  92^  programs. 

Since  the  reactivity  of  HONO  in  its  cis-form  is  invariably  greater  th^  «s  trans-isonrier.  all 
the  theoretical  results  presented  here  correspond  to  those  of  cis-HONO.  Kinetically,  the 
omission  of  contributions  from  trans-HONO  is  not  expected  to  lead  to  any  error  because 
the  cis  ^  trans  isomerization  through  the  ON-OH  torsional  vibration  occurs  readily  above 
room  temperature. 


2.2.  TST  and  RRKM  calculations 

According  to  the  general  transition  state  theory,  the  rate  constant  for  a  direct  bimolecular 
metathetica!  reaction  or  reactions  of  any  order  occurring  under  high-pressure  conditions 
can  be  calculated  with  the  equation:'*^''*'* 

where  la  is  the  reaction  path  degeneracy,  ke  is  the  Boltzmann  constant,  h  is  the  Planck 
constant  and  AG^  is  the  Gibbs  free  energy  of  activation  at  the  transition  state. 

For  a  reaction  with  a  well-defined  TS,  the  location  of  AG^  on  its  potential  energy  surface 
coincides  with  the  col  of  the  energy  barrier.  Equation  (1)  can  be  readily  calculated  with 


the  conventional  TST  using  a  computed  energy  barrier  (Eq  =  AH^)  and  molecular 
parameters  (moments  of  inertia  and  vibrational  frequencies). 

For  a  reaction  with  a  poorly  defined  TS,  because  of  a  negligibly  small  reaction  barrier 
such  as  NH2  +  NOx  and  OH  +  HONO,  the  location  of  AG^  =  AH^  -  TaS^  varies  with 
temperature.  It  should  be  searched  and  calculated  variationally  along  the  reaction  path 
so  as  to  compute  k(T)  by  eq.  (1).  This  approach  has  been  referred  to  as  canonical 
variational  TST  (cVTST).io.ii 

Both  situations  described  above  occur  in  the  reactions  of  interest  in  the  present  study.  For 
a  reaction  taking  place  via  one  or  more  long-lived  intermediates,  such  as 

a  ) 

A  +  B 

i - 

-a 


multichannel  RRKM  calculations  should  be  carried  out  for  the  formation  of  various 
products  and  the  disappearance  of  the  reactant  A  or  B.  In  the  above  scheme,  ABt 
represents  the  vibrationally  excited  AB  intermediate.  Reactions  of  this  type  have  been 
routinely  encountered  in  combustion  systems.  The  theory  gives  good  results,  provided 
that  the  transition  states  for  the  association  step  (a)  and  decomposition  steps  (b)  and  (c) 
are  well-defined  and  that  their  energies  and  molecular  parameters  are  reliably  calculated 
by  ab  initio  MO  methods.  If  any  of  the  above  reaction  steps  has  a  poorly  defined  TS,  the 
canonical  variational  approach  mentioned  above  can  be  applied. “*2,1 3  Recently,  the 
alternative,  mathematically  more  rigorous,  microcanon ical  approachi^'i®  has  been 
extended  by  Diau  and  Smith to  treat  a  multichannel  system  containing  two  long-lived 
intermediates. 

For  the  typical  reaction  scheme  given  above,  the  steady-state  treatment  for  ABt  gives  rise 
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where  i  =  -a,  b,  and  c  and  la  is  the  reaction  path  degeneracy  for  the  formation  of  ABt  via 
step  (a).  Qa  and  Qb  are  the  total  partition  functions  of  A  and  B,  respectively.  Qr  and  Qf 
are  the  translational  and  rotational  partition  functions,  respectively,  of  the  transition  state 
AB»  for  step  (a),  which  has  a  zero-point  energy  (ZPE)  corrected  energy  barrier  Ea  at  0  K. 
In  the  integral,  co  is  the  effective  collision  frequency  for  the  deactivation  of  ABt  by  step  (d), 
and 

kE^=CiXP(Ef)/hN(E)  (4) 
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is  the  specific  rate  constant  for  the  decomposition  of  ABt  by  steps  (-a),  (b)  and  (c).  In  eq. 
(4),  Ci  is  the  product  of  statistical  factor  Ij  and  the  ratio  of  the  overall  rotational  partition 

functions  of  the  transition  state  for  step  (i)  and  the  AB  intermediate.  SPiCEf )  is  the  sum  of 
states  of  transition  state  for  step  (i)  and  N(E)  is  the  density  state  of  AB  having  a  total 
energy  E. 

The  applications  of  these  equations  to  the  systems  involving  long-lived  intermediates  as 
revealed  by  ab  initio  MO  calculations  will  be  illustrated  later. 


3.  RESULTS  AND  DISCUSSION 

Four  bimolecular  reactions  of  HONO  involving  H,  OH,  NO  and  NH2  have  been  studied  by 
ab  initio  MO  and  statistical-theory  calculations.  The  majority  of  these  reactions,  except  OH 
+  HONO,  have  not  been  measured  experimentally,  despite  their  apparent  prachcal 
importance  to  the  NH3  -  deNOx  and  propulsion  processes.  The  results  of  our  calculations 
are  summarized  below. 


3.1.  H  +  HONO  products: 

The  potential  energy  of  the  H  +  HONO  system  obtained  by  the  G2  methods  js  presented  in 
Fig.  1.  The  reaction  appears  to  be  far  more  complicated  than  has  been  commonly 
assumed  to  occur  solely  by  direct  abstraction: 

H  +  HONO Ha  +  NO2 

The  reaction  has  a  barrier  as  high  as  30  kJ/mole,  in  close  agreement  with  34  kJ/mole 
calculated  by  Melius  using  the  BAC-MP4  method.'' ^ 

The  lowest  energy  path  was  found  to  occur  via  H-addition  to  the  N  atom  of  HONO  (TS2) 
producing  the  excited  HN(0)0H  intermediate  with  140  kJ/mole  of  internal  energy.  The 
excited  HN(0)0H  can  undergo  either  H2O  elimination  via  TS5  with  96  kJ/mole  of  reaction 
barrier  or  OH  elimination  producing  HNO  via  TS6,  which  has  no  reverse  barrier  and  is, 
therefore,  poorly  defined.  For  the  formation  of  HNO  +  OH.  we  must  employ  the  variational 
TST  method  to  calculate  AG  along  the  reaction  coordinate  leading  to  products.  At  a 
specific  temperature,  the  location  at  which  the  maximum  Gibbs  free  energy  (aG^) 
appears,  corresponds  to  TS6.  Using  Eq.  (1),  one  can  obtain  the  first-order  rate  constant 
for  HN(0)0H  HNO  +  OH.  Because  of  the  presence  of  the  long-lived  HN(0)OH  adduct, 
RRKM  calculations  were  carried  out  with  the  multichannel  mechanism: 

H  +  HONO  ^  HN(0)OHt  H2O  +  NO  (1  b) 

-^HNO  +  OH 
)HN(0)0H 

which  is  essentially  the  same  as  the  general  scheme  presented  above  for  A  +  B. 

A  similar  calculation  was  made  for  the  third  H  +  HONO  reaction  path,  which  occurs  by  H- 
addition  to  the  terminal  O  atom  via  TS5,  producing  another  long-lived  intermediate 
HONOH,  dihydroxyl  amino  radical.  The  addition  process  has  a  barrier  of  42  kJ/mole,  also 
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Fig.  1,  Energy  diagram  for  the  H  +  HONO  reaction.  The  energies  were  computed  by 
G2/B3LYP/6-311G(d,p);  those  given  in  brackets  are  BAC-MP4  resutts^^  and  those  in 
parentheses  are  JANAF  values. 20 


Fig.  2  Arrhenius  plots  for  the  formation  of  various  products  in  the  H  +  HONO  reaction. 
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agreeing  closely  with  the  BAC-MP4  value  of  39  kJ/mole  by  Melius.^  The  excited  N(OH)2 
radical  can  readily  eliminate  H2O  via  a  4-centered  TS4,  which  is  calculated  to  be  121 
kJ/mole  above  N(OH)2.  The  RRKM  calculation,  based  on  the  mechanism: 

H  +  HONO  ^  HONOHt  H2O  +  NO  C®) 

— tM-»N(OH)2 

using  eqs.  (2)-{4)  with  one  less  product  channel  gives  the  rate  constants  for  H2O  +  NO 
formation  and  for  the  production  of  the  association  product,  N(OH)2.  Linder  combustion 
conditions,  the  formation  of  stabilized  N(OH)2  and  HN(0)0H  is  relatively  unimportant. 

The  above  calculations  by  the  conventional  TST  for  (la)  and  by  RRKM  the<^  for  (1b)  and 
(1c)  give  the  following  rate  constant  expressions  for  production  of  H2  +  NO2,  H2O  +  NO 
and  HNO  +  OH,  respectively: 

kn^  =3.3x10'^®T''-^V^^®'^ 

kHjo=1-4x10-'"T'-8Vl®36/T 

koH  =  9.4x10-in°'8V250°/T 

in  units  of  cm3/molecule-s  for  300-3000  K.  The  rate  constant  for  H2O  +  NO  production 
includes  those  from  channels  (1b)  and  (1c).  As  shown  in  Fig.  2,  the  direct  abstraction 
reaction  (la)  is  the  least  important  channel,  whereas  the  H-for-OH  indirect  displacerrient 
process  dominates  the  reaction  throughout  the  temperature  range  calculated.  This  is  a 
very  interesting  and  unexpected  result,  indeed. 


3.2.  OH  +  HONO  -»  H2O  +  NO2: 

Similar  to  the  H  +  HONO  reaction  discussed  above,  our  ab  initio  MO  calculations 
for  the  OH  -  HONO  system  reveal  the  presence  of  an  indirect  metathetical  channel  (b) 
which,  however,  has  a  much  higher  reaction  barrier  than  the  direct  abstraction  process 
(a),  as  shown  below: 

OH + HONO  H2O + NO2 

b  ) 

(H0)5N0  — ^  H2O  +  NO2 

< - 

— ^H0N02+H 

The  corresponding  energy  diagram  is  shown  in  Fig.  3. 

The  conventional  TST  calculations  for  (a)  and  (d)  as  well  as  the  RRKM  calculations  for  (b), 
(c),  (c)  via  (b)  and  (d)  via  (b),  give  the  following  rate  constants: 

ka  =  5.10  X  10'20  T2-39  e+22.97/T  cm3/molecule-s  (tentative), 
kb  =  2.21  X  10^  T-3  ‘‘3  e-3170/T  cm3/molecule-s 
kc  =  1.25  1019  T-2-96  e-784aT  1/s 
kd  =  5.0  X  IOIO  TO-683  e-2075in’  1/s 
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kb-c  =  5.03  X  10'20  T2.18  e-6653/T  cm^/molecule-s 
kb-d  =  9-37  X  10'28  T4-09  e-15138/T  cm^/molecule-s 

For  channel  (a),  the  G2M  energy  optimized  at  RCCSD(T)/6-311G(d,p)//UMP2-6-311G(d,p) 
has  a  distinct  barrier  of  4.0  kJ/moIe,  which  together  with  the  generally  tighter  MP2 
structure,  led  to  a  smaller  rate  constant  than  observed  experimentally .2 

On  the  other  hand,  the  B2LYP/6-31 1G(d,p)  optimized  structure  and  energy  shows  no 
saddle  point.  In  order  to  obtain  a  more  reliable  potential  energy  surface,  calculations  are 
underway  with  a  higher  level  of  theory  such  as  the  QCISD{T)  method. 


3.3.  NO  +  MONO  HNO  +  NO2: 

The  four  species  involved  in  this  reaction  are  known  to  coexist  in  most  H/N/O-systems. 
The  reverse  of  this  process,  HNO  +  NO2  NO  +  MONO,  may  be  an  important  sink  for 
NO2  which  is  more  reactive  than  MONO  during  the  initial  phase  of  nitramine  combustion 
reactions.  The  rate  constant  for  either  forward  or  reverse  direction  has  not  been 
experimentally  measured. 

The  result  of  our  calculation  with  the  G2M  method^  gives  a  reaction  barrier  of  153.5 
kJ/mole  and  endotheimicity  of  1 31 .3  kJ/mole,  which  is  In  reasonable  agreement  with  the 
JANAF  value,  1 19.2  kJ/mole.20  The  largest  error  in  the  JANAF  value  may  arise  from  the 
heat  of  formation  of  HNO,  which  has  an  expected  error  of  ±8  kJ/mole. 

A  TST  calculation  with  eq.  (1)  using  the  computed  energies  for  the  reactants  (NO  +  cis- 
HONO)  and  the  transition  state  gives 


ka  =  1.0  X  10'26  X  cm^/molecule-s 


for  the  temperature  range  of  300-3000  K. 

An  alternative  reaction  path  involving  the  formation  of  the  association  complex: 

NO  +  HONO  — ^  HON(0)NOt  — ^  ON(0)N(H)Ot 

— ^HN0  +  N02 

has  to  overcome  a  large  barrier  (190  kJ/mole)  for  the  H-migration  step  (b).  Therefore,  it  is 
insignificant  to  the  overall  reaction. 


3.4.  NH2  +  HONO  ^  NH3  +  NO2: 

To  our  knowledge,  there  is  no  rate  constant  measurement  for  this  exothermic  reaction, 
which  is  expected  to  be  a  key  NH2  removal  process  in  the  AN  and  ADN  systems. 
Because  of  the  high  number  of  heavy  atoms  involved  in  the  reaction,  the  energies  of  the 
reactants,  TS  and  products  were  computed  with  the  G1,2'>  instead  of  the  G2  scheme^ 
using  either  the  UMP2/6-31 1G(d,p)  or  B3LYP/6-31 1G(d,p)  level  of  theory  for  structural 
optimization  and  frequency  calculations.22  The  former  gave  rise  to  a  significantly  tighter 
TS  structure  which  led  to  a  much  smaller  rate  constant.  From  the  calculated  energies  and 
molecular  structures  with  the  two  methods  using  eq.  (1),  we  obtained: 


54 


400 


300 


200 


100 


H  +  MONO,  H 


ON(OH)^ 


Fig.  3.  Zero-point  energy  diagram  for  the  OH  +  MONO  reaction  system. 

k4  (UMP2)  =  3.5  X  10'23  T2-93  e+2600/T  cm3/molecule-s 
k4  {B3LYP)  =  1.2  X  10-22  T3-02  e+2487/r  cm3/molecule-s 

for  the  temperature  range  of  300-3000  K.  The  latter  expression  was  found  to  be  in  closer 
agreement  with  the  kinetically  modeled  rate  constant  for  the  NH3  +  NO2  ^  NH2  +  HONO 

reaction. 23 


ACKNOWLEDGMENTS 

The  authors  gratefully  acknowledge  the  support  of  this  work  by  the  Office  of  Naval 
Research  (contract  no.  N00014-89-J-1949)  under  the  direction  of  Dr.  R.  S.  Miller.  We 
thank  the  Cherry  L.  Emerson  Center  for  Scientific  Computation  for  the  use  of  computing 
facilities  and  various  programs. 


References 

1.  Kerr,  J.  A.,  1988.  Strengths  of  Chemical  Bonds,  in  Handbook  of  Chemistry  and 
Physics,  CRC  Press,  Inc.,  pp.  F174-F189. 

2.  Tsang,  W.  and  Herron,  J.  T.,  Chemical  Kinetic  Data  Base  for  Propellant 
Combustion  I.  Reactions  Involving  NO,  NO2,  HNO,  HNO2,  HCN  and  N2O,  Journal  of 
Physical  Chemistry  Reference  Data,  20,  609-663,  1991. 


55 


3.  Curtiss,  L.  A.,  Raghavachari,  K,  Trucks,  G.  W.  et  al.,  Gaussian-2  theory  for 
molecular  energies  of  first-  and  second-row  compounds,  Journal  of  Chemical  Physics,  94, 
7221-7230,  1991. 

4.  Mebel,  A.  M.,  Morokuma,  K.  and  Lin,  M.  C.,  Modification  of  GAUSSIAN-2 
Theoretical  Model;  The  Use  of  Coupled-Cluster  Energies,  Density-Functional 
Geometries,  and  Frequencies,  Journal  of  Chemical  Physics,  103,  7414-7421,  1995. 

5.  Becke,  A.  D.,  Density-Functional  Thermochemistry.  III.  The  Role  of  Exact 
Exchange,  Journal  of  Chemical  Physics.,  98,  5648-5652,  1993. 

6.  Lee,  C.,  Yang,  W.  and  Parr,  R.G.,  Development  of  the  Colle-Salvetti 
Correlation-Energy  Formula  Into  a  Functional  of  the  Electron  Density,  Physical  Review, 
B37,  785-789,  1988. 

7.  Purvis,  G.  D.  and  Bartlett,  R.  J.,  A  Full-Coupled  Cluster  Singles  and  Doubles 
Model:  The  Inclusion  of  Disconnected  Triples,  Journal  of  Chemical  Physics,  76,  1910- 
1918,  1992. 

8.  Hampel,  C.,  Peterson,  K.  A.  and  Werner,  H.-J.,  A  Comparison  of  the 
Efficiency  and  Accuracy  of  the  Quadratic  Confguration  Interaction  (QCISD),  Coupled 
Cluster  (CCSD),  and  Brueckner  Coupled  Cluster  (BCCD)  Methods,  Chemical  Physics 
Letters,  190,  1-12,  1992. 

9.  Frisch,  M.  J.,  Trucks,  G.  W.,  Head-Gordon,  M.  et  al.,  GAUSSIAN  92/DFT 
(Gaussian,  Inc.,  Pittsburgh,  PA,  1993). 

10.  Laidler,  K.  J.,  1 987, Cbem/ca/  Kinetics,  3rd  ed.,  p.  124,  Harper  and  Row,  NY. 

11.  Truhlar,  D.G,,  and  Garrett,  B.C..  Variational  Transition  State  Theory,  Annual 
Review  of  Physical  Chemistry,  35,  pp.  159-189,  1984. 

12.  Hsu,  C.-C.,  Theoretical  Studies  of  Reactions  of  Molecular  Oxygen  with  Formyl 
and  Methyl  Radicals,  M.S.  thesis,  Emory  University,  March  1996. 

13.  Hsu,  C.-C.,  Mebel,  A.  M.  and  Lin,  M.  C.,  1996.  Ab  Initio  Molecular  Orbital 
Study  of  the  HCO  +  O2  Reaction:  Direct  vs.  Indirect  Abstraction  Channels,  Journal  of 
Chemical  Physics.,  in  press. 

14.  Wardlaw,  D.  M.  and  Marcus,  R.  A.,  Unimolecular  Reaction  Rate  Theory  for 
Transition  States  of  Partial  Looseness.  II.  Implementation  and  Analysis  with  Applications 
to  NO2  and  C2H6  Dissociations,  Journal  of  Chemical  Physics,  83,  3462-3480,  1985. 

15.  Klippenstein,  S.  J.  and  Marcus,  R.  A.,  Application  of  Unimolecular  Reaction 
Rate  Theory  for  Highly  Flexible  Transition  States  to  the  Dissociation  of  CH2CO  into  CH2 
and  CO,  Journal  of  Chemical  Physics,  91,  pp.  2280-2292,  1989. 

16.  Smith,  S.  C.,  Microscopic  Rate  Coefficients  in  Reactions  with  Flexible  Transition 
States:  Analysis  of  the  Transitional-Mode  Sum  of  States,  Journal  of  Chemical  Physics, 

95,  pp.  3404-3430.  1991. 

17.  Diau,  E.  W.  G.  and  Smith,  S.  C.,  1996.  Temperature  Dependence  of  Rate 
Coefficients  and  Branching  Ratios  for  the  NH2  +  NO  Reaction  via  Microcanonical 
Variation  Transition  State  Theory,  Journal  of  Physical  Chemistry,  submitted. 

18.  Berman,  M.  R.  and  Lin,  M.  C.,  Kinetics  and  Mechanisms  of  the  CH-t-N2 
Reaction.  Temperature-  and  Pressure-Dependence  Studies  and  Transition-State-Theory 
Analysis,  Journal  of  Physical  Chemistry,  Vol  87,  pp.  3933-3942,  1983. 

19.  Melius,  C.  F.,  1993.  BAC-MP4  Heats  of  Formation  and  Free  Energies,  Sandia 
National  Laboratories,  Livermore,  CA. 


56 


20.  Chase,  M.W.,  Jr.,  Davies,  C.  A.,  Downey,  J.  R.  et  al.,  JANAF 
Thermochemical  Tables,  Journal  of  Physical  Chemistry  Reference  Data,  14,  Suppl.  No.  1, 
pp.  1-1856,  1985. 

21.  Pople,  J.  A.,  Head-Gordon,  M.,  Fox,  D.  J.  et  al.,  Gaussian-1  Theory:  A 
General  Procedure  for  Prediction  of  Molecular  Energies,  Journsl  of  ChemicQl  Physics,  90, 
pp.  5622-5629,  1989. 

22.  Mebel,  A.  M.,  Diau,  E.  W.  G.,  Lin,  M.  C.  et  al.,  1996.  Theoretical  Rate 
Constants  for  the  NH3  +  NOx  ^  NR2  +  HNOx  (x=1 ,2)  Reactions  by  ab  Initio  MOA/TST 
calculations.  Journal  of  Physical  Chemistry,  in  press. 

23.  Thaxton,  A.  G.  and  Lin.,  M.C.,  1996.  Rate  Constant  for  the  NH3  +  NO2  NH2 
+  MONO  Reaction:  Comparison  of  Kinetically  Modeled  and  Theoretically  Predicted 
Results,  International  Journal  of  Chemical  Kinetics,  in  preparation. 


57 


Gas-Phase  Reaction  Mechanisms  for  Nitramine  Combustion:  On  the  Development 
of  a  Comprehensive  Reaction  Mechanism  for  Hydrogen/^itrous  Oxide  Kinetics 
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ABSTRACT:  As  part  of  a  research  effort  to  develop  comprehensive  gas-phase  reaction  mechanisms 
for  nitramine  combustion,  the  present  paper  reports  on  recent  sub-model  development  of  H2/N2O 
kinetics.  A  single  reaction  mechanism,  based  on  literature  thermochcmicai  and  kinetic  data  and 
developed  from  intermediate  temperature  flow  reactor  studies,  is  tested  against  previous  high  temper¬ 
ature  shock  tube  data,  low  temperature  static  bulb  reactor  data,  and  laminar  premixed  flame  speed 
data.  Model  predictions  are  found  to  be  in  good  agreement  with  the  shock  tube  and  flow  reactor  data, 
but  too  fast  when  compared  against  the  bulb  data.  In  addition,  predicted  flame  speeds  are  found  to  be 
-  15%  lower  than  those  measured  experimentally.  The  present  results  further  indicate  the  importance 
of  the  branching  channels  of  the  H  +  N2O  reaction  over  the  entire  temperature  range  as  well  as  sec¬ 
ondary  reactions  involving  NH,  and  suggest  that,  at  high  temperatures,  the  rate  constant  for  the  direct 
reaction  of  CO  +  N2O  is  lower  than  predicted  from  extrapolation  of  previous  evaluations. 


INTRODUCTION 

The  assembly  and  validation  of  comprehensive  gas-phase  kinetic  mechanisms  with  nitrous  oxide  as 
the  oxidizer  are  important  sub-model  components  for  understanding  the  fundamental  chemical  pro¬ 
cesses  occurring  dunng  combustion  of  nitramine  propellants  and  explosives  and  for  developing  engi¬ 
neering  models.  The  resulting  mechanisms  provide  useful  tools  in  determining  what  elementary 
reactions  require  improved  definition,  in  acting  as  benchmarks  against  which  lumped  chemistry  mod¬ 
els  can  be  developed  and  tested,  and  in  evaluating  the  interactions  of  chemistry  and  transport  phe¬ 
nomena  in  simple  one-dimensional  systems.  Moreover,  comprehensive  mechanisms,  evaluated  and 
validated  over  large  ranges  in  pressure,  temperature,  and  equivalence  ratio  are  required  for  simulating 
ipore  practical  combustion  environments  where  gas  phase  chemistry  is  intimately  coupled  with  chem¬ 
ical  processes  occurring  at  the  material  surface. 


The  mechanism  for  the  hydrogen  -  nitrous  oxide  reaction  is  an  integral  part  of  all  energetic  polycyclic 
nitramine  decomposition  mechanisms,  just  as  its  analog,  the  H2/O2  system  is  for  all  hydrocarbon  oxi¬ 
dation  mechanisms.  Unlike  the  highly  chain-branched  H2/O2  system,  the  H2/N2O  system  is  domi¬ 
nated  by  straight  chain  kinetics.  Furthennore,  H2/N2O  kinetics  do  not  form  the  HO2  radical. 
However,  NH  radicals  can  be  formed,  which  significantly  increase  the  complexity  of  the  N2O  system. 

The  kinetics  of  hydrogen  -  nitrous  oxide  mixtures  have  been  studied  extensively  over  the  last  forty 
years.  These  studies  have  included  homogeneous  kinetic  studies  at  high  temperatures^"^  and  at  low 
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temperatures^’ and  studies  with  coupled  chemistry  and  transport. From  these  studies,  most  of 
the  important  elementary  reactions  are  reasonably  well  known  over  an  extended  temperature  range. 
However,  past  modeling  studies  have  generally  focused  on  a  particular  temperature  regime  and  con¬ 
sequently  a  single  reaction  mechanism  has  never  been  tested  against  the  widest  range  of  available 
experimental  data.  Moreover,  the  collection  of  reactions  and  rates  used  to  describe  a  mechanism  has 
differed  significantly  from  investigator  to  investigator.  In  the  present  paper,  a  single  reaction  mecha¬ 
nism  for  H2/N2O  kinetics,  based  on  literature  thermochemical  and  kinetics  parameters,  is  tested 
against  experimental  data  covering  the  temperature  range  of  813  -  3075  K  and  pressure  range  from 
0.56  -  3  atm. 


MECHANISM  DEVELOPMENT  AND  VALIDATION 


In  the  present  work,  reaction  mechanisms  are  developed  systematically,^'^’^^  beginning  with  the  sim¬ 
plest  species  and  reactions  which  are  common  sub-elements  in  the  combustion  of  more  complex  spe¬ 
cies,  and  sequentially  constructed  by  incorporating  new  species  and  reactions  in  order  of  increasing 
complexity.  At  each  level,  the  newly  added  portions  of  the  mechanism  are  tested  and  validated  by 
thorough  comparison  between  numerically  predicted  and  experimentally  observed  results.  Identifica¬ 
tion  of  the  important  features  and  rate  controlling  processes  is  achieved  through  application  of  sensi¬ 
tivity  analysis  and  reaction  flux  techniques. 

The  validation  at  each  level  of  development  of  a  reaction  mechanism  requires  experimental  data  from 
several  sources  such  as  shock  tubes,  flow  reactors,  and  static  reactors  because  different  elementary 
reactions  can  be  dominant  under  different  experimental  conditions.  For  example,  some  reactions  are 
negligible  except  under  high  temperature  shock  tube  conditions,  while  others  become  unimportant  for 
temperatures  above  1000  K.  Validation  of  coupled  gas-phase  heat  release  rates  and  gas-phase  trans¬ 
port  is  required  to  complete  the  development  and  validation  of  a  comprehensive  gas-phase  thermo¬ 
chemical,  kinetics  and  transport  model.  Data  from  premixed  flames  are  necessary  to  validate  heat 
release  rates  and  flame  speed  predictions.  Data  from  diffusion  flames  are  necessary  to  validate  trans¬ 
port  and  extinction  phenomena,  in  addition  to  gas-phase  kinetics  and  heat  release  rates.  The  entire 
procedure  is  hierarchical  and  illustrated  in  Figure  1. 


Shock  Tubes,  Flow 
and  Static  Reactors 

Validate  Gas-Phase  Kinetics 
and  Ignition 


Diffusion  Flames 

Validate  Gas-Phase 
Transport  and  Extinction 


Figure  1 .  Hierarchical  development  and  validation  of  gas-phase  submodels. 


REACTION  MECHANISM 

26 

The  reaction  mechanism  is  based  on  recent  literature  review  and  from  flow  reactor  studies  by  Allen 
and  Allen  et  al.^®’^^  This  mechanism  consists  of  sub-mechanism  development  from  separate  studies 
on  H2/O2  kinetics, CO/H2/O2  kinetics,^®’^^  and  N2O  decomposition.^^  A  listing  of  the  reaction 
mechanism  and  the  literature  sources  for  the  thermochemical  and  kinetic  parameters  can  be  found  in 
Allen  et  al.^"^  The  only  modifications  made  to  the  mechanism  in  the  present  study  relative  to  that  of 
Allen  et  al.^^  are  the  efficiency  factors  for  various  collision  partners  of  the  N2O  thermal  decomposi¬ 
tion  reaction  and  the  rate  constant  for  the  reaction  between  CO  and  OH.  In  the  work  of  Alien  et  al.,^^ 
a  revised  rate  constant  for  the  reaction  between  H  +  NO  +  M  ^  HNO  -i-  M  at  intermediate  tempera¬ 
tures  is  reported,  and  thus,  the  present  work  also  serves  to  further  investigate  this  evaluation  at  low 
and  high  temperatures.  Carbon  monoxide  and  CO2  have  been  included  in  H2/N2O  mixtures  of  several 


59 


earlier  studies  to  enable  in-situ  diagnostics  (via  the  flame  band  signal  and  CO2  emission),  to  perturb 
the  kinetic  system,  and  to  change  the  thermophysicai  properties  of  the  mixture. 

Efficiency  factors  for  collision  partners  in  the  thermal  decomposition  of  N2O  have  been  reported  in 
the  literature;  the  results  from  some  of  these  studies  are  given  in  Table  1. 


TABLE  1.  Efficiency  Factors  for  N20<+M)  N2+0(+M) 


Ref 

Ar 

He 

N2 

H2O 

CO2 

N2O 

O2 

CO 

NO 

33 

I 

1.5 

5-6 

34 

1 

1.7 

12 

3 

1.4 

1,23 

1 

10 

35 

1 

3.3 

1.25 

7.5 

6.6 

5 

1.15 

36 

1 

4.2 

1.74 

4 

6.9 

1.3 

3 

3 

36 

1 

.7-1.2 

1.2 

2.9 

2.4 

2 

1-1.2 

this  work 

I 

1.6 

1.6 

12 

3 

3 

1.6 

1.6 

1.6 

The  values  used  in  the  present  work  are  listed  at  the  bottom  of  the  table.  As  discussed  by  Yetter  et 
al.,^  the  rate  constant  reported  for  CO  +  OH  in  Allen  et  al.^^  is  not  sufficient  for  temperatures  greater 
than  2000  K.  Since  many  of  the  experiments  modeled  here  are  for  T  >  2000  K,  the  alternative  expres¬ 
sion  from  Baulch^^  (^CO+OH  =  6.75x1 0^^exp[0.000907xT]  moT^cm^s'*)  was  used  here  in  the  form 
of  a  double  exponential.  Neither  of  these  modifications  affect  the  results  of  Allen  et  al.^^’^^  and 
Allen^^  where  studies  were  conducted  at  intermediate  temperatures  and  the  mixtures  were  highly 
diluted  with  N2. 


RESULTS 


High  Temperature  Homogeneous  Kinetics 

A  number  of  high  temperature  shock  tube  experiments,  both  incident  and  reflected  wave,  have  been 
performed  on  H2/N2O  mixtures. These  experiments  have  varied  from  studies  on  specific  reaction 
rate  constants,  in  which  the  H2/N2O  reaction  was  used  as  a  source  of  0-atoms,  to  studies  that  charac¬ 
terize  mechanistic  behavior  of  the  system.  The  works  considered  here  include  those  of  Pamidmukkala 
and  Skinner,^  Borisov  et  al.,^  Hidaka  et  al.,^  Dean,^  and  Dean  et  al."^  Recently,  Anderson  et  al.^^  have 
modelled  the  shock  tube  studies  of  Hennci  and  Bauer^  and  Hidaka  et  al.^  using  a  reaction  mechanism 
in  general  agreement  with  the  present  mechanism,  and  their  findings  are  discussed  in  the  next  section. 
We  have  chosen  to  include  the  work  of  Dean  et  al."^  on  H2/N20/C0/Ar  mixtures  in  the  present  study 
because  of  the  strong  coupling  between  H2  and  moist  CO  kinetic  systems  and  because  of  our  prior 
extensive  model  development  and  validation  of  H2/O2  and  CO/H2O/O2  kinetic  systems. 

The  study  of  Pamidmukkala  and  Skinner^  report  resonance  absorption  spectroscopy  measurements  of 
0-atom  concentrations  behind  reflected  shock  waves  over  the  temperature  range  of  1919-2781  K. 
Highly  dilute  and  fuel-rich  conditions  for  two  mixture  compositions  were  chosen  to  isolate  a  few 
reactions  from  which  the  rate  constant  of  H2  +  O  OH  +  H  was  measured. 

Oxygen  atom  concentrations  from  two  of  these  experiments  are  shown  in  Figure  2  for  a  mixture  con¬ 
sisting  of  100  ppm  H2,  20  ppm  N2O,  with  the  balance  Ar.  Part  (a)  of  the  figure  is  for  a  shock  tempera¬ 
ture/pressure  of  2249  K  /  1.28  atm  and  part  (b)  is  for  a  shock  temperature/pressure  of  2419  K  /  1.48 
atm.  The  symbols  are  the  experimental  data  and  the  lines  the  corresponding  model  predictions.  Pri¬ 
mary  sensitivity  to  all  conditions  studied  was  to  the  reaction  rate  constants  of  N2O  +  Ar  N2  +  O  + 
Ar  and  H2  +  O  — ^  OH  +  H,  which  are  directly  responsible  for  the  formation  and  removal  of  O-atoms 
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during  the  first  300  jis.  At  longer  extents  of  reaction,  the  rate  coefficients  for  H  +  O2  <=>  OH  +  O  and 
the  reverse  of  H2  +  O  OH  +  H  become  important. 


Figure  2.  Comparison  of  0-atom  concentrations  from  reflected  shock  tube  experiments;^  Initial  mixture  composition, 
X(H2)=100  ppm,  X(N20)=20  ppm,  balance  Ar.  (a)  T=2249  K,  P=1.28  atm,  (b)  T=2419  K,  P=1.48  atm. 


Borisov  et  al.^  report  ignition  delay  times  of  H2/N2O  mixtures  behind  reflected  shock  waves  over  the 
temperature  range  of  1200  -  2000  K  and  teflected  wave  pressures,  P5,  of  1  -  12  atm.  The  measure¬ 
ments  reported  were  scaled  to  P5  =  1  atm  using  a  linear  dependence.  The  ignition  delays  were  deter¬ 
mined  from  absorption  of  N2O  at  2537  A  and  emission  in  the  visible  region  as  the  time  from  the 
moment  of  passage  of  the  impact  wave  into  the  observation  zone  to  the  start  of  rapid  decay  in  N2O 
concentration  or  an  increase  in  emission  of  the  reaction.  Experimental  and  numerical  results  for  two 
mixtures,  both  fuel  lean,  are  given  in  Figure  3.  Ignition  delays  were  defined  in  the  modeling  calcula¬ 
tions  as  the  time  at  which  the  tangent  to  the  N2O  -  time  plot  intercepted  the  t-axis  located  at  the  level 
of  the  initial  N2O  concentration.  Symbols  are  the  experimental  data  and  lines  the  corresponding  cal¬ 
culations. 


Figure  3.  Comparison  of  ignition  delays^  for  various 
temperatures  at  1  atm.  Initial  mixture  compositions; 
Squares;  X(H2)  =  0.05,  X(N20)=0.05,  balance  Ar,  cir¬ 
cles;  X(H2)  =  0.05,  X(N20)=0.15,  balance  Ar. 


Figure  4.  Comparison  of  N2O  consumption  times^  for 
various  temperatures  at  3  atm.  Initial  mixture  composi¬ 
tion:  X(H2)=0.01,  X(N20)=b.005,  balance  Ar. 


Hidaka  et  al.^  studied  the  H2/N2O  reaction  behind  both  incident  and  reflected  shock  waves  in  the  tem¬ 
perature  range  1450-2200  K  and  pressure  range  0.6  -  3.5  atm  using  both  single  pulse  and  time  resolve 
techniques.  A  computer  simulation  was  performed  to  determine  rate  constants  for  the  reactions  of  O  + 
N2O  ->  N2  +  O2,  O  +  N2O  ->  2NO,  and  H  -1-  N2O  N2  +  OH.  Unfortunately,  the  experimental  con¬ 
ditions  were  not  sufficiently  reported  to  model  individui  experimental  data.  However,  a  comparison 
of  predictions  between  the  two  models  at  conditions  that  closely  replicate  their  experiments  are  pre¬ 
sented  in  Figure  4.  The  open  symbol/dashed  lines  are  predictions  with  the  model  of  Hidaka  et  al.^  and 
the  solid  symbol/solid  lines  are  the  present  predictions.  The  times  Tiq,  t5(),  and  Xgo  correspond  to 
10%,  50%,  and  80%  consumption  of  the  initial  N2O  concentration.  The  observed  differences  are 
approximately  the  same  size  as  the  scatter  in  the  experimental  data. 

Dean^  has  monitored  N2O  decay  via  infrared  emission  at  4.65  |im  in  reacting  mixtures  of  N20/H2/Ar 
behind  reflected  shock  waves  over  the  temperature  range  of  1950  -  3075  K  with  total  concentrations 
ranging  from  1.2  to  2.5  x  10^^  molec/cm^.  Nitrous  oxide  was  observed  to  decay  exponentially  and  an 
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overall  rate  constant  was  determined.  The  overall  rate  constant  was  defined  as  =:  -[d  In  (IR)/dt]  / 
[M]  where  IR  is  the  observed  N2O  infrared  signal  and  [M]  the  total  gas  concentration.  Values  of 
for  each  experiment  were  obtained  from  the  linear  portion  of  the  semilog  plot  only  when  the  region  of 
linearity  covered  at  least  a  factor  of  two  change  in  the  infrared  signal.  Comparison  of  experimental 
and  model  results  for  a  series  of  temperatures  with  the  same  initial  mixture  composition  are  shown  in 
Fig.  5. 

In  another  shock  tube  study,  Dean  et  al.^  have  reported  kinetic  results  on  H2/N20/C0/Ar  mixtures 
behind  reflected  shock  waves  over  the  temperature  range  of  2000  -  2850  K  and  total  concentrations 
near  5x10  molec/cml  Emissions  at  450  nm  ([CO][0])  and  4.27  ^m  ([CO2])  were  measured  to 
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Figure  5.  Companson  of  from  experimental  data  (open  squares)  and  numerical  prediction  (solid  circles)  for  vari¬ 
ous  temperatures  and  total  concentrations.  Initial  mixture  composition:  X(H2)=0.0010I,  X(N20)=0.0102,  balance  Ar. 
Initial  pressure  and  temperature  data  can  be  found  in  Table  1  of  Dean.^ 


obtain  concentration  -  time  data  for  both  oxygen  atoms  and  carbon  dioxide.  Figure  6a  shows  the  com¬ 
parison  of  CO2  data  versus  reaction  time  obtained  from  the  same  mixture  with  different  shock  tern- 
peratures.  The  mixture  consisted  of  0.05%  H2,  1.01%  N2O,  and  2.99%  CO  with  the  balance  Ar.  The 
time  T’  (circles)  is  the  time  at  which  the  CO2  concentration  equaled  4  x  10^^  molecules/cm^  and  t” 
(squares)  is  the  time  at  which  the  CO2  concentration  equaled  1  x  10^^  molecules/cm^. 
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Figure  6.  (a)  Comparison  of  CO2  emission  data,  r’  (circles)  and  i”  (squares)  are  defined  in  the  text.  Initial  mixture 
composition:  X(H2)=0.0005,  X(N20)=0.0101,  X(CO)=0.0299,  balance  Ar.  Initial  pressure  and  temperature  data  can  be 
found  in  Table  3  of  Dean  et  al.^  (b)  Comparison  of  X1/2,  defined  in  text,  (c)  Comparison  of  defined  in  text.  The 
solid  symbols  are  the  calculated  values  and  the  open  symbols  are  the  experimental  data. 


Experimental  observations  of  the  flame  band  signal  included  the  time  Xj/2,  defined  as  the  time  at 
which  the  flame  band  signal  equaled  one  half  the  maximum  and  the  maximum  signal  which  was 
observed  as  a  constant  for  long  reaction  times.  In  order  to  compare  model  predictions  to  the  flame 
band  signal  data,  Dean  et  al.  applied  partial  equilibrium  technique  to  shock  heated  mixtures  of  H2/O2/ 
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C0/C02/Ar  of  near  equilibrium  composition.  From  these  experiments,  a  calibration  factor  relating 
the  observed  constant  signal  to  the  quasi-equilibrium  concentrations  of  CO  and  O  was  obtained. 

In  the  present  study,  partial  equilibrium  was  not  assumed,  and  the  calibration  factor  was  obtained 
from  modeling  the  calibration  experiments  with  the  complete  mechanism.^^  The  product  [C0][0], 
corresponding  to  the  experimentally  measured  signal,  for  the  calibration  factor  was  taken  at  the  peak 
0-atom  concentration.  After  this  peak,  the  product  [C0][0]  was  observed  to  slowly  decrease  with 
time,  i.e.,  a  constant  signal  was  not  observed  for  hundreds  of  microseconds  as  in  the  experiments.  The 
resulting  calibration  curve  was  3.45  x  exp(-3125  cal  mole'V  RT)  V  cm^molec'^.  Comparison  of 
predicted  and  experimental  flame  band  signals  are  shown  in  Figures  6b  and  6c. 

Figure  7  reports  the  results  from  another  mixture  initially  of  0.049%  H2,  1.04%  N2O,  and  12.01%  CO 
with  the  balance  Ar.  The  fuel/oxidizer  equivalence  ratio  of  this  mixture  is  approximately  4  times 
greater  than  the  equivalence  ratio  of  the  previous  mixmre.  For  this  mixture,  x’  corresponds  to  [CO2]  = 
5  X  10^^  molecules/cm^  and  x”  to  [CO2]  =  2.0  x  10^^  molecules/cm^. 
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Figure  7.  (a)  Comparison  of  CO2  emission  data,  x’  (circles)  and  x”  (squares)  are  defined  in  the  text.  Initial  mixture 
composition:  X(H2)=0.00049,  X(N20)=0.0104,  X(CO)=0.1201,  balance  Ar.  Initial  pressure  and  temperature  data  can 
be  found  in  Table  3  of  Dean  et  al."^  (b)  Comparison  of  X1/2,  defined  in  text,  (c)  Comparison  of  defined  in  text. 
The  solid  symbols  are  the  calculated  values  and  the  open  symbols  are  the  experimental  data. 


Intermediate  and  Low  Temperature  Homogeneous  Kinetics 

Below  1000  K,  three  of  the  more  recent  studies  on  the  H2/N2O  reaction  have  been  reported  by  Bald¬ 
win  et  al.,^  Allen  et  al.,^^  and  Borisov  et  al.^  Allen  et  al.^^  studied  dilute  mixtures  of  H2  and  N2O  in 
N2  in  a  flow  reactor  at  3  atm  and  995  K.  The  consumption  and  formation  of  H2,  N2O  and  H2O  were 
measured  as  well  as  intermediate  species  profiles  of  NH3  and  NO.  Species  concentrations  were 
obtained  by  probe  sampling  and  quenching  a  small  portion  of  the  gases  along  the  reactor  centerline. 
These  gases  were  then  analyzed  with  a  FTIR  for  N2O,  H2O,  NO,  and  NH3  and  a  selective  thermal 
conductivity  detector  for  H2.  A  comparison  of  model  and  experiment  is  shown  in  Figure  8  for  an  ini¬ 
tial  mixture  composition  of  0.53%  H2  and  1.1%  N2O  with  the  balance  N2.  Additional  comparisons  of 
this  model  with  experimental  data  can  be  found  in  Allen  et  al.^^ 

The  study  of  Baldwin  et  al.^  on  H2/N20/He  mixtures  was  conducted  at  813  and  873  K  in  a  bulb  reac¬ 
tor  at  0.66  atm.  The  reaction  was  followed  by  sampling  the  gas  after  a  known  time  and  then  determin¬ 
ing  the  N2  content  by  gas  chromatography.  Changing  the  vessel  surface  from  pyrex  to  silica  to  a  boric 
acid  coated  vessel  indicated  no  effect  on  the  N2  formation  rate.  Nitric  oxide  concentration  was  also 
measured  showing  the  production  and  consumption  of  NO.  Comparisons  of  model  predictions  with 
these  data  showed  the  model  predictions  to  be  too  fast  ranging  from  about  a  factor  of  15  at  873  K  to 
factors  of  36-50  at  813  K.  Predicted  NO  concentrations  were  about  a  factor  of  6  too  small  at  873  K. 


63 


Figure  8.  Comparison  of  model  (lines)  and  experiment  (symbols)  from  flow  reactor  studies.’ °  In  part  (b),  the  circles 
and  dashed  lines  correspond  to  the  NO  mole  fraction. 


Laminar  Premixed  Flame  Speeds 


Premixed  flame  speeds  of  H2/N2O  mixtures  have  been  studied  by  several  investigators.  Duval 
and  VanTiggelen,  using  the  flame  cone  technique,  have  reported  flame  speeds  for  a  wide  range  of 
equivalence  ratios  and  dilution  with  different  inert  gases.  Figure  9  presents  experimental  and  numeri¬ 
cal  speeds  for  various  equivalence  ratios  with  three  levels  of  N2  dilution.  Figure  10  presents  a  com¬ 
parison  of  flame  speeds  with  different  diluents  at  the  same  equivalence  ratio.  With  the  exception  of 
the  Ar  diluted  flames,  the  numerical  flame  speeds  are  approximately  15%  lower  than  the  experimen¬ 
tally  measured  flame  speeds. 


Figure  9.  Comparison  of  flame  speeds’^  as  a  function  of 
equivalence  ratio  and  N2  dilution.  Solid  symbols-model, 
open  symbols  -  experiment. 
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Figure  10.  Comparison  of  flame  speeds’^  as  a  function 
of  dilution  for  different  inert  gases.  Solid  symbols  - 
model,  open  symbols  -  experiment. 


DISCUSSION  AND  CONCLUSIONS 

Agreement  between  model  and  experiment  is  generally  found  to  be  good.  The  experiments  of  Pami- 
dimukkala  and  Skinner  were  mainly  sensitive  to  the  N2O  thermal  decomposition  reaction  and  reac¬ 
tions  of  the  H2/O2  system.  Thus,  the  agreement  here  further  validates  these  sub-mechanisms.  The 
experimental  results  of  Borisov  et  al.,^  Hidaka  et  al.,*  and  Dean,^  however,  are  sensitive  to  several 
reactions  of  the  H2/N2O  system  including  those  of  H  atoms  with  N2O  (Table  2).  The  results  of  Dean 
were  also  found  to  be  sensitive  to  the  reactions  of  O  atoms  with  N2O.  The  rate  constants  used  in  the 
present  mechanism  for  the  O+N2O  reactions  are  from  Baulch  et  al.^^  Dean  analyzed  his  results  for 
these  rate  constants  and  found  that  they  should  be  about  a  factor  of  five  lower  than  those  recom¬ 
mended  by  Baulch  et  al.  In  contrast,  Hidaka  et  al.,  as  well  as  the  similar  studies  of  Henrici  and  Bauer, ' 
found  from  analysis  of  their  data  that  the  O  -t-  N2O  reactions  should  be  5  to  7  times  larger  than  the  rec- 
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ommendations  from  the  Baulch  review.  The  present  results  show  that  both  sets  of  experimental  data 
can  be  reasonably  predicted  with  the  Baulch  et  al.  rates.  Anderson  et  al.^^  have  also  modelled  the  data 
of  Hidaka  et  al.  and  Henrici  and  Bauer  and  have  found  equally  good  agreement  between  model  pre¬ 
diction  and  experiment.  Their  analysis  clearly  showed  for  the  first  time  that  the  O  +  N2O  reaction  was 
not  the  major  source  of  NO  in  these  experiments.  Nitric  oxide  was  reported  to  form  through  the  H  + 
^  NO  +  NH  reaction,  either  by  its  direct  formation  or  indirectly  via  later  reactions  of  NH.  Thus, 
Anderson  et  al  concluded  that  the  evaluations  of  the  rate  constants  for  the  N2O  +  O  reactions  by 
Hidaka  et  al.  and  Henrici  and  Bauer,  both  of  which  were  carried  out  under  similar  experimental  con¬ 
ditions,  are  invalid.  As  is  evident  from  Table  2,  our  findings  are  in  agreement  with  those  of  Anderson 
et  al.  showing  the  N2O  consumption  times  to  be  sensitive  to  several  reactions  that  control  the  fate  of 
NH,  which  were  not  included  in  the  original  mechanism  of  Hidaka  et  al.  The  high  sensitivity  of  the 
H2/N2O  reaction  rate  to  N2H3  and  NH3  reactions  was  also  recently  demonstrated  by  Allen  et  al.  at 
lower  temperatures. 


TABLE  2.  Sensitivity  of  ignition  delay  times  and  N2O  consumption  times  to  rate  constants 
of  the  mechanism.  Normalized  sensitivities  below  0.01  are  not  listed. 


Reaction 

(duplicate  reactions  listed 
below  have  a  double 
exponential  rate  expression) 

Borisov 
et  al.^ 
1780  K 

dlnX 

dink 

Borisov 
et  al.^ 
1380  K 

dlnx 

Hidaka  et  al.^ 
1600  K 

dlnx^Q  dlnx^ 

dink  dink 

3/nXgo 

dink 

Dean^ 

2640  K 

dink 

0+H2<=>H+0H 

-0.116 

-0.037 

-0.030 

-0.019 

-0.017 

H+O20O+OH 

-0.055 

OH+H2OH2O+H 

-0.071 

-0.061 

-0.050 

-0.062 

-0.066 

H20+0<j=>20H 

NH+N0<»N20+H 

-0.022 

0.029 

0.011 

0.070 

0.116 

-0.056 

NH+N0<=>N20+H 

-0.018 

-0.030 

0.016 

N20+0<=>N2+02 

-0.033 

N20+0«2N0 

-0.026 

N2O+H0N2+OH 

-0.209 

-0.392 

-0.388 

-0.465 

-0.541 

-0.093 

N20(+M)<=>N2+0(+M) 

-0.012 

-0.021 

-0.021 

NH+OH<=>HNO+H 

0.011 

0.018 

NH+N0<=>N2+0H 

-0.014 

-0.022 

NH2+He=^>H2+NH 

-0.019 

-0.016 

NH3+He^NH2+  H2 

-0.021 

-0.016 

NH3+OH0NH2+H2O 

0.013 

N2H3+M<?=>N2H2+H+M 

-0.015 

-0.032 

N2H3+M0NH2+NH+M 

0.014 

N2H2+M«NNH+H+M 

-0.018 

NH3+NH2«N2H3+H2 

0.037 

0.072 

The  agreement  between  model  and  experiment  for  the  H2/N2O/CO  mixtures  of  Dean  et  al.  was  not  as 
good.  For  temperatures  below  2500  K,  the  differences  in  relative  times  (i.e.,  x  -T  )  were  less  than 
25%  for  the  mixture  with  12%  CO  (Fig.  7)  and  varied  from  25  to  50%  for  the  mixture  with  3%  CO 
(Fig.  6),  with  the  model  predictions  consistently  too  long.  Above  2500  K,  x’  was  in  good  agreement 
for  both  mixtures,  whereas  x”  was  30-50%  too  small  for  the  model  predictions.  The  sensitivity  of  x’ 
and  x”  to  various  rate  constants  of  the  mechanism  for  the  high  and  low  temperature  experiments  with 
each  mixture  are  reported  in  Table  3.  For  the  high  temperature  experiments,  the  direct  reaction 
between  CO  and  N2O  is  found  to  be  important.  The  rate  constant  used  for  CO+NoO  in  the  present 
work  is  from  Loiret  et  al.^^  and  is  in  good  agreement  with  that  of  Zaslonko  et  al."^^  At  temperatures 
above  2500  K,  extrapolations  from  these  rate  expressions  (Ea  ~  45  kcal/mol)  yield  rate  constants 
which  exceed  those  recommended  by  Fujii  et  al.^  and  Milks  and  Matula"^^  (with  Ea  20  kcal/mol). 
Figure  7  shows  the  results  of  calculations  with  the  CO  +  N2O  reaction  removed  from  the  mechanism 
(in  the  figure,  +  =  x’  and  x  =  x”),  also  suggesting  that  the  rate  constants  of  Loiret  et  al.  and  Zaslonko  et 
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al.  are  too  high  above  2500  K.  Below  about  2500  K,  the  present  analysis  cannot  yield  any  new  infor¬ 
mation  on  this  rate  constant  because  of  its  decreased  sensitivity.  However,  it  should  be  noted  that  the 
rate  constants  with  the  lower  Ea  yield  too  high  a  rate  constant  below  1200  K.  As  indicated  from  our 
own  work^^  and  the  recent  theoretical  and  experimental  work  of  Lin  and  Melius,'^^  this  reaction  is 
likely  extremely  slow.  Consequently,  the  high  temperature  rate  of  this  reaction  (near  2000  K)  is  still 
in  question,  particularly  with  regard  to  the  flame  studies  of  Dinhi  et  al."^  where  a  high  value  for  this 
rate  constant  is  necessary  to  model  their  results.^^  Additional  studies  are  required  to  resolve  these 
discrepancies.  In  addition  to  the  high  sensitivity  to  the  CO+N2O  reaction.  Table  3  also  shows  T’  and 
T”  to  be  sensitive  to  many  other  reactions  of  the  H2/N2O  system,  with  O  +  H2<=>  H  +  OH,  H  +  N2O 
<=>  N2  +  OH  and  CO  -1-  OH  <=>  CO2  +  H  being  the  most  sensitive.  Refinements  in  these  latter  rate  con¬ 
stants  to  match  the  high  temperature  data  would  also  significantly  modify  the  lower  temperature 
comparisons. 


TABLE  3.  Sensitivity  of  l’  and  x”  to  rate  constants  of  the  mechanism  for  the  experiments  of 
Dean  et  al/  Normalized  sensitivifles  below  0.01  are  not  listed. 


Reaction 

(duplicate  reactions  listed 
below  have  a  double 
exponential  rate  expression) 

T=1930  K 
Fig.  6 

dlnx'  3/«x" 

dink  dink 

T  =  2790K 
Fig.  6 

dint  dint' 

dink  dink 

T=2030  K 
Fig.  7 

dlnx'  dint' 

dink  dink 

T  =  2870K 
Fig.  7 

dlnx'  dlnx" 
dink  dink 

b+H2<»H+OH 

-.24 

-.17 

-.22 

-.31 

-.25 

-.19 

-.22 

-.19 

H+02<=>0+0H 

.06 

.09 

.21 

-.26 

.02 

.04 

.04 

-.03 

0H+H2<^H20+H 

.05 

.11 

.04 

.03 

.02 

.06 

.01 

.01 

H2O+O02OH 

.03 

.07 

.02 

.01 

.02 

NH+N0<»N20+H 

.06 

.07 

.06 

.38 

.05 

.10 

.03 

.45 

NH+N0<»N20+H 

-.02 

-.02 

-.02 

-.11 

-.01 

-.03 

-.13 

N20-f-0<=>N2+02 

.02 

.02 

-.02 

-.75 

.02 

.02 

-.42 

N20+0<=>2N0 

.02 

.02 

.02 

.27 

.02 

.03 

.01 

.33 

N20+H«>N2-i-0H 

-.19 

-.23 

-.38 

-1.5 

-.21 

-.38 

-.14 

-.91 

C04-0H^C02+H 

-.37 

-.57 

-.49 

-.47 

-.17 

-.30 

-.47 

-.11 

C0+0H<=:>C02+H 

-.05 

-.08 

-.30 

-.29 

-.03 

-.06 

-.10 

-.07 

C0-f-N20«C02+N2 

-.06 

-.07 

-.35 

-.37 

-.15 

-.12 

-.50 

-.68 

N02+H<?^N0+0H 

-.03 

-.02 

NH+0<=j>NO+H 

-.03 

-.04 

-.02 

NH+OH<^HNO-f-H 

.02 

.01 

NH+N0<^N2+0H 

-.02 

-.02 

N20(+M)oN2+0(+M) 

.02 

CO+0(+M)«C02(-i-M) 

-.03 

At  low  and  intermediate  temperatures,  the  agreement  with  the  flow  reactor  studies  of  Allen  et  al.^^ 
are  good.  The  analysis  of  these  results  can  be  found  in  Allen  et  al.^^  Significant  discrepancy  still 
remains  in  the  agreement  between  the  present  model  predictions  and  the  bulb  experiments  of  Bald¬ 
win  et  al.^  Bozzelli  et  al.^^  have  theoretically  analyzed  the  branching  channels  of  the  H  +  N2O  reac¬ 
tion  using  QRRK  theory  and  suggest  that  HNNO  stabilization  may  be  important  at  low  temperatures 
and  can  be  used  to  explain  the  experimentally  observed  curvature  in  the  overall  rate  constant.  How¬ 
ever,  Diau  and  Lin"^^  have  reported  on  the  importance  of  tunneling  in  this  reaction,  which  can  not  be 
neglected  when  analyzing  the  curvature  in  the  temperature  dependent  rate  constant.  To  investigate 
the  possible  role  of  HNNO  stabilization,  we  have  included  the  branching  ratios  of  Bozzelli  et  al.'^  in 
the  present  model  aloi^  with  secondary  reactions  for  the  formation  and  consumption  of  HNNO, 
HNOH,  and  NH20H.^^ Although  inclusion  of  these  reactions  did  decrease  the  amount  of  discrep¬ 
ancy  between  model  and  experiment,  the  agreement  was  still  poor.  These  latter  results  did  show 
minor  sensitivity  to  consumption  of  HNNO  and  HNOH  by  H  atoms.  Hence,  both  experimental 
aspects,  e.g.,  the  role  of  wall  reactions,  and  model  parameter  uncertainties  need  further  examination. 
An  improved  understanding  of  low  temperature  kinetics  is  especially  important  with  regard  to  near 
surface  propellant  modelling. 


66 


Finally,  the  flame  speed  measurements  are  about  15%  faster  than  those  predicted  bv  the  current 
model/xhe  trends  of  these  results  are  consistent  with  previous  flame  modeling  studies,^^  and  with  the 
homogeneous  kinetic  results  that  predict  slower  rates  at  high  temperature  and  faster  rates  at  low  lem- 
perature.The  agreement  here  is  well  within  the  error  limits  of  the  experiments. 

The  authors  wish  to  acknowledge  support  for  this  work  from  the  Office  of  Naval  Research,  under 
Contract  No.  N00014-90-J-4062,  and  to  acknowledge  Dr.  R.S.  Miller  as  Technical  Monitor. 


REFERENCES 

1.  Henrici,  H.  and  Bauer,  S.H.,  1969.  “Kinetics  of  the  Nitrous  Oxide  -  Hydrogen  Reaction,”  J. 
Chem.  Phys.,  Vol.  50,  pp.  1333-1342. 

2.  Soloukhin,  R.I.,  1973.  “High  Temperature  Oxidation  of  Hydrogen  by  Nitrous  Oxide  in  Shock 
Waves,”  14th  Symp.  (Int.)  on  Combustion,  The  Combustion  Institute,  Pittsburgh,  pp.  77-82. 

3.  Dean,  A.M.,  1976.  “Shock  Tube  Studies  of  N20/Ar  and  N20/H2/Ar  Systems,”  Int.  J.  Chem. 
Kinet.,  Vol.  i  pp.  459-474. 

4.  Dean,  A.M.,  Steiner,  D.C.,  and  Wang,  E.E.,  1978.  “A  Shock  Tube  Study  of  the  H2/02/C0/Ar 
and  H2/N20/C0/Ar  Systems:  Measurement  of  the  Rate  Constant  for  H+N20=N2+OH,”  Combust. 
Flame  Vol.  32,  pp.  73-83. 

5.  Borisov,  A.A.,  Zamanskii,  V.M.,  and  Skachkov,  G  J.,  1978.  “Kinetics  and  Mechanism  of  Reac¬ 
tion  of  Hydrogen  with  Nitrous  Oxide,”  Kinet.  Catal,  Vol.  19,  pp.  26-32. 

6.  Pamidimukkala,  K.M.  and  Skinner,  G.B.,  1982.  “Resonance  Absorption  Measurements  of 
'  Atom  Concentrations  in  Reacting  Gas  Mixtures.  VIII.,”  J.  Chem.  Phys.,  Vol.  76,  pp.  311-315. 

7.  ffidaka,  Y.,  Takuma,  H.,  and  Suga,  M.,  1985.  “Shock  Tube  Study  of  the  Rate  Constant  for 
Excited  OH'^(^Z'^)  Formation  in  the  N2O-H2  Reaction,”  J.  Phys.  Chem.,  Vol.  89,  pp.  4903-4905. 

8.  Hidaka,  Y.,  Takuma,  H.,  and  Suga,  M.,  1985.  “Shock  Tube  Studies  of  N2O  Decomposition  and 
N2O-H2  Reaction,”  Bull.  Chem.  Soc.  Jpn.,  Vol.  58,  pp.  2911-2916. 

9.  Baldwin,  R.R,  Gethin,  A.,  Plaistowe,  J.,  and  Walker,  R.W.,  1975.  “Reaction  Between  Hydro¬ 
gen  and  Nitrous  Oxide,”  Chem.  Soc.,  Faraday  Trans.  1,  Vol.  71,  pp.  1265-1283. 

10.  Allen,  M[.T.,  Yetter,  R.A.,  and  Dryer,  FX.,  1997.  “Kinetics  of  Hydrogen-Nitrous  Oxide  Mix¬ 
tures-  Implications  of  N^Hy  Chemistry,”  Combust.  Flame,  in  press. 

11.  Van  Wonterghem,  X  and  Van  Tiggelen,  A.,  1955.  “Flame  Propagation  in  Gaseous  Mixtures 
Containing  Nitrous-Oxide  as  Oxidant,”  Bull.  Soc.  Chim.  Belg.,  Vol.  64,  p.  780. 

12. Dixon-Lewis,  G.,  Sutton,  M.M.,  and  Williams,  A.,  1964.  “Stability  of  Hydrogen-Nitrous  Oxide- 
Nitrogen  Flames  on  a  Flat  Flame  Burner,”  Combust.  Flame,  Vol.  8,  pp.  85-87. 

13. Dixon-Lewis,  G.,  Sutton,  M.M.,  and  Williams,  A.,  1965.  “Some  Reactions  of  Hydrogen  Atoms 
and  Simple  Radicals  at  High  Temperatures,”  Tenth  Symposium  (International)  on  Combustion, 
The  Combustion  Institute,  Pittsburgh,  PA,  pp.  495-502. 

14. Dixon-Lewis,  G.,  Sutton,  M.M.,  and  Williams,  A.,  1965.  J.  Chem.  Soc.  Lond.,  pp.  5724-5729. 

15.  Duval,  A.  and  Van  Tiggelen,  PJ.,  1967.  “Kinetical  Study  of  Hydrogen-Nitrous  Oxide  Flames,” 
Bull.  Acad.  Roy.  Beiges,  Vol.  53,  pp.  366-402. 

16. Balakhnine,  V.P.,  Van  Dooren,  J.,  and  Van  Tiggelen,  PJ.,  1977.  “Reaction  Mechanism  and 
Rate  Constants  in  Lean  Hydrogen-Nitrous  Oxide  Flames,”  Combust.  Flame,  Vol.  28,  pp.  165-173. 

n.Cattolica,  R.J.,  Smooke,  M.D.,  and  Dean,  A.M.,  1982.  “A  Hydrogen-Nitrous  Oxide  Flame 
Study,”  Sandia  National  Laboratories  Report  No.  SAND82-8776.  Also  Western  States  Section 
Meeting  of  the  Combustion  Institute,  1982.  Paper  No.  WSS/CI  82-95. 

18.  Vanderhoff,  J.A.,  Bunte,  S.W.,  Kotlar,  AJ.,  and  Beyer,  R.A.,  1986.  “Temperature  and  Concen¬ 
tration  Profiles  in  Hydrogen-Nitrous  Oxide  Flames,”  Combust.  Flame,  Vol.  65,  pp.  45-51. 

19.  Coffee,  T.P.,  1986.  “Kinetic  Mechanisms  for  Premixed,  Laminar,  Steady-State  Hydrogen/Nitrous 
Oxide  Flames,”  Combust.  Flame,  Vol.  65,  pp.  53-60. 

20.  Anderson,  W.R.,  and  Faust,  C.M.,  1992.  “Modelling  of  H2/N2O  Flames,”  Proceedings  29th 
JANNAF  Combustion  Subcommittee  Meeting,  CPIA  Publication  593,  Vol.  II,  p.  205. 

21.Sausa,  R.C.,  Anderson,  W.R.,  Dayton,  D.C.,  Faust,  C.M.  and  Howard,  S.L.,  1993.  “Detailed 
Structure  of  a  Low  Pressure,  Stoichiometric  H2/N20/Ar  Flame,”  Combust.  Flame,  Vol.  94,  p.  407. 


67 


22.  Dayton,  D.C.,  Faust,  C.M.,  Anderson,  W,R.,  and  Sausa,  R.C.,  1994.  “Flame  Structure  Mea¬ 
surements  of  a  Lean  H2/N20/Ar  Flame  Employing  Molecular  Beam  Mass  Spectroscopy  and 
Modeling,”  Combust.  Flame,  Vol.  99,  p.  323. 

23. Brovm,  MJ.,  and  Smith,  D.B.,  1994.  “Aspects  of  Nitrogen  Flame  Chemistry  Revealed  by  Burn¬ 
ing  Velocity  Modelling,”  Twenty-Fifth  Symposium  (International)  on  Combustion,  The  Combus¬ 
tion  Institute,  Pittsburgh,  PA,  pp.  1011-1018. 

24.  Westbrook,  C.K.  and  Dryer,  FX.,  1984.  “Chemical  Kinetic  Modeling  of  Hydrocarbon  Combus¬ 
tion,”  Progress  in  Energy  and  Combustion  Science,  Vol.  10,  pp.  1-57. 

25.  Yetter,  R.A»,  Dryer,  F.I.,  Allen,  M.T.,  and  Gatto,  J.,  1995.  “Development  of  Gas-Phase  Reaction 
Mechanisms  for  Nitramine  Combustion,”  J.  Propulsion  and  Power,  Vol.  1 1,  pp.  685-697. 

26.  Allen,  M.T.,  June  1996.  Ph.D.  Thesis,  Princeton  University,  T-2069,  Princeton,  NJ  08544. 

27.  Allen,  M.T.,  Yetter,  R.A,  and  Dryer,  FX„  1997.  “High  Pressure  Studies  of  Moist  Carbon  Mon¬ 
oxide/Nitrous  Oxide  Kinetics,”  Combust.  Flame,  in  press. 

28.  Yetter,  R.A.,  Yetter,  R.A.,  and  Rabitz,  H.,  1990.  “Flow  Reactor  Studies  of  Carbon  Monoxide/ 
Hydrogen  Kinetics,”  Combust.  Sci.  Technol,  Vol.  79,  pp.  129-140. 

29.  Kim,  T.,  1992.,  M.S.  Thesis,  Princeton  University,  Princeton,  NJ  08544. 

30.  Yetter,  R.A.,  Dryer,  FX.,  and  Rabitz,  H.,  1990.  “A  Comprehensive  Reaction  Mechanism  for 
Carbon  Monoxide/Hydrogen/Oxygen  Kinetics,”  Combust.  Sci.  Technol,  Vol.  79,  p.  129. 

31.  Kim,  T.  Yetter,  R.A.,  and  Dryer,  FX.,  1994.  “New  Results  on  Moist  CO  Oxidation:  High  Pres¬ 
sure,  High  Temperature  Experiments  and  Comprehensive  Kinetic  Modeling,”  25th  Symposium 
(International)  on  Combustion,  The  Combustion  Institute,  Pittsburgh,  PA,  pp.  759-766. 

32.  Allen,  M.T.,  Yetter,  R.A.,  and  Dryer,  F.L,,  1995.  “The  Thermal  Decomposition  of  Nitrous  Oxide 
at  1 .5  <  P  <  10.5  atm  and  1 103  <  T  <  1 173  K.,”  Int.  J.  Chem.  Kinet.,  Vol.  27,  p.  883. 

33. Tsang,  W.  and  Herron,  J.T.,  1991.  “Chemical  Kinetic  Data  Base  for  Propellant  Combustion:  I,” 

^  J.  Phys.  Chem.  Ref.  Data,  Vol.  20,  pp.  609-664.  \ 

34.  Glarborg,  P.,  Johnsson,  J.E.,  and  Dam-Johansen,  K.,  1994.  “Kinetics  of  Homogeneous  Nitrous 
Oxide  Decomposition,”  Comb.  Flame,  Vol.  99,  pp.  523-533. 

35.  Volmer,  M.  and  Bogdan,  Z.,  1933.  Z  Phys.  Chem.  Vol.  21,  p.  257. 

36. Zamansky,  V.M.  and  Borisov,  A.A.,  1989.  “Mechanism  and  Promotion  of  Self- Ignition  of  Pro¬ 
spective  Fuels,”  in  Itogi  Nauki  i  Tekhniki,  serija  Kinetika  i  Kataliz,  Vol.  19,  Moscow,  1989. 

37. Baulch,  DX.,  Drysdale,  D.D.,  Duxbury,  J.,  and  Grant,  S.J.,  1976.  Evaluated  Kinetic  Data  for 
High  Temperature  Reactions,  Vol.  3,  Butterworths,  London. 

38.  Anderson,  W.R.,  Ilincic,  and  Seshadri,  K.,  1994.  “Studies  of  Reactions  Pertaining  to  and  Devel¬ 
opment  of  a  Reduced  Mechanism  for  the  Double  Base  Propellant  Dark  Zone,”  Proceedings  31st 
JANNAF  Combustion  Subcommittee  Meeting,  CPIA  Publication  620,  Vol.  II,  p.  387. 

39.  Loirat,  H.  Caralp,  R,  and  Destriau,  M.,  1983.  J.  Phys.  Chem.,  Vol,  87,  p.  2455. 

40. Zaslonko,  IS.,  Losev,  A.S.,  Mozzhukhin,  E.V.,  and  Mukoseev,  Yu.  K.,  1979.  Kinet.  Catal ,  Vol 
20,  p.  1144. 

41. Fujii,  N.,  Kakuda,  T.,  Takeishi,  N.,  and  Miyama,  H.,  1987.  J.  Phys.  Chem.  Vol.  91,  p.  2144. 

42.  Milks,  D.  and  Matula,  R.,  1972.  1 4th  Symposium  (International)  on  Combustion,  The  Combus¬ 
tion  Institute,  Pittsburgh,  PA,  p.  84. 

43.  Lin,  M.C.  and  Melius,  C.F.,  1992.  unpublished  results,  personal  communication  with  M.C.L. 

44.  Dinbi,  H,  Tsai,  H.-M.,  and  Branch,  M.C,,  1991,  “Combustion  Mechanism  of  Carbon  Monoxide- 
Nitrous  Oxide  Flames,”  Combust.  Flame,  Vol,  87,  p.  13. 

45. Bozzelli,  J.W.,  Chang,  A.Y,,  and  Dean,  A.M.,  1994.  “Analysis  of  the  Reactions  H+N2O  and 
NH+NO:  Pathways  and  Rate  Constants  over  a  wide  Range  of  Temperature  and  Pressure,”  25th 
Symposium  (International)  on  Combustion,  The  Combustion  Institute,  Pittsburgh,  PA,  p.  65-974. 

46. Diau,  E.W.G.  and  Lin,  M.C.,  1995.  “Theoretical  Study  of  H(D)  +  N2O:  Effects  of  Pressure, 
Temperature,  and  Quantum-Mechanical  Tunneling  on  H(D)-Atom  Decay  and  OH(D)-Radica] 
Production,  J.  Phys.  Chem.,  Vol.  99,  pp.  6589-6594. 

47. Diau,  E.W.G.,  Lin,  M.C.,  He,  Y.,  and  Melius,  C.F.,  1995.  “Theoretical  Aspects  of  H/N/O-Chem- 
istry  Relevant  to  the  Thermal  Reduction  of  NO  by  H2,”  Prog.  Energy  Combust.  Sci.  Vol.  21,  pp.  1- 


68 


COMMENTS 


A.  Koichi  Hayashi,  Aoyama  Gakuin  University,  Tokyo,  Japan: 

How  do  you  account  for  the  dependence  upon  pressure  of  the  rates  of  your  mechanism?  I  am 
especially  interested  in  high  pressure  applications,  such  as  SCRAMJET  combustion. 

Authors’  Reply: 

The  pressure  effects  of  uni-molecular  and  three  body  recombination  reactions  are  modeled  with 
high  and  low  pressure  limit  rate  constants,  including  Troe  fall-off  expressions. 
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ABSTRACT:  The  development  of  detailed  models  of  solid  propellant  combustion  requires  detailed 
information  on  the  gas-phase  chemistry  occurring  above  the  propellant  surface.  Different  flame 
systems  have  been  identified  as  important  to  study  in  order  to  gain  greater  understanding  of  solid 
propellant  gas-phase  chemistry.  In  particular,  systems  which  need  study  are  flames  of  carbon 
monoxide  and  hydrocarbons  burning  with  nitrogen  oxides.  Since  both  premixed  and  diffusion  flame 
chemistries  exist  above  the  propellant  surface,  premixed  and  diffusion  flames  involving  these 
reactants  need  to  be  smdied.  In  the  past  decade,  several  experimental  studies  have  been  made  of 
premixed  flames  consisting  of  these  reactants.  More  recently,  counterflow  diffusion  flames 
consisting  of  these  reactants  have  been  studied  as  well.  In  the  present  work,  several  different 
premixed  and  counterflow  diffusion  flames  have  been  modeled  using  a  common,  275-rcaction 
mechanism. 

Solid  propellant  combustion  models  require  gas-phase  chemical  kinetic  mechanisms  which  are  as 
small  as  possible.  Therefore,  for  each  premixed  flame  system  studied,  sensitivity  and  rate  generation 
analyses  have  been  used  to  identify  which  reactions  in  the  detailed  mechanism  are  critical  to  each 
system.  Based  on  these  analyses,  and  comparisons  with  the  experimental  data,  reduced  mechanisms, 
consisting  of  only  the  essential  chemical  reactions  for  each  flame  system,  have  been  developed. 
These  reduced  mechanisms  have  been  combined  into  a  comprehensive,  reduced  mechanism 
consisting  of  42  reactions.  In  general,  this  reduced  mechanism  models  the  flames'  chemistry  as 
accurately  as  the  full  mechanism  does. 

The  full  and  reduced  mechanisms  have  also  been  used  to  model  methane-nitrous  oxide  and  carbon 
monoxide-nitrous  oxide  counterflow  diffusion  flames.  From  comparisons  with  the  experimental  data, 
it  is  determined  that,  in  general,  the  full  mechanism  mid  the  reduced  n^chanism  model  the 
diffusion  flame  chemistry  as  accurately  as  they  modeled  the  premixed  flame  chemistry.  Also,  in 
the  diffusion  flames,  there  is  reasonable  agreement  between  the  modeling  results  using  the  full  and 
reduced  mechanisms. 

The  problem  of  N2O  decomposition  remains  a  key  area  requiring  further  study.  The  rate  constants 
for  this  reaction  had  to  be  modified  to  model  the  CO-N2O  flames  and  the  CH4-N2O  diffusion  flame 
accurately.  The  reason  for  this  discrepancy  is  still  to  be  determined,  but  future  studies  of  the  N2O 
decomposition  reaction  are  suggested. 

*  This  work  was  sponsored  by  the  Air  Force  Office  of  Scientific  Research  under  Grand  DOD- 
F49620-93-0430. 
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INTRODUCTION 


Solid  rocket  propellant  is  composed  of  numerous  oxidizer  particles  of  varying  sizes  and  shapes 
which  are  bound  together  by  fuel  binder.  Complex  physical  and  chemical  processes  occur  as  each 
particle  bums  with  the  surrounding  binder.  The  processes  include  decomposition  of  the  solid  phase, 
burning  of  the  oxidizer  decomposition  products  in  a  monopropellant  flame,  and  burning  of  the 
oxidizer  and  fuel  decomposition  products  in  diffusion  flames.  These  processes  also  interact  with 
the  dynamics  of  the  rocket  chamber.  The  fundamental  understanding  of  these  processes  is 
incomplete;  this  lack  of  fundamental  understanding  makes  the  synthesis  of  new  propellants  a  largely 
empirical  process,  causing  successful  formulation  of  new  propellants  to  be  time-consuming  and  even 
dangerous  tasks.  Therefore,  the  development  of  a  predictive  capability  for  solid  propellant 
combustion  is  extremely  desirable. 

The  models  which  have  been  developed  to  predict  the  combustion  characteristics  of  solid  rocket  fuel 
are  semi-empirical  in  nature,  and  in  general  contain  only  mdimentary  surface-  and  gas-phase 
chemistry. They  have  been  successful  in  showing  trends  in  solid  propellant  combustion,  but  a 
truly  predictive  capability  has  not  been  achieved.  In  order  to  develop  this  predictive  capability, 
more  detailed  and  realistic  physics  and  chemistry  are  needed.  However,  due  to  the  complex  nature 
of  solid  propellant  combustion,  different  aspects  of  it  -  including  the  gas-phase  chemistry  -  must 
be  studied  separately  and  then  integrated  into  an  overall  combustion  model. 

Yetter  et  al."^  suggested  a  three-tiered,  systematic  study  of  the  gas  phase  chemistry  involved  in  solid 
propellant  combustion.  The  first  tier  data,  obtained  from  shock  tubes  and  flow  reactors,  is  used  to 
validate  gas-phase  kinetics  and  ignition.  The  second  tier  of  data,  obtained  from  premixed  flame 
studies,  is  used  to  validate  gas-phase  kinetic  mechanisms  as  they  affect  one-dimensional  heat  release 
and  flame  speeds.  The  final  tier  of  data,  obtained  from  diffusion  flames,  is  used  to  evaluate 
mechanisms  in  an  environment  involving  multidimensional  transport  processes  and  flame  extinction. 
Yetter  et  al,  specifically  identified  flame  systems  requiring  detailed  study,  which,  among  others, 
included  CH4-N2O,  CO-N2O,  C2H2-NO2  and  CH2O-NO2.  Mechanisms  need  to  be  developed  which 
can  accurately  predict  the  chemistry  of  these  systems  in  shock  tubes,  premixed  flames  and  diffusion 
flames.  Further,  these  mechanisms  should  ideally  consist  of  a  small  number  of  chemical  reactions, 
so  that  global  modelers,  who  must  simulate  the  entire  solid  propellant  combustion  process,  can  keep 
the  computational  requirements  of  the  gas-phase  chemistry  to  a  minimum. 

The  present  study  focuses  on  the  second  and  third  tiers  of  data  identified  by  Yetter  et  al."^  Premixed 
flames  CH4-N2O,  CO-N2O,  C2H2-NO2  and  CH2O-NO2  have  been  modeled  using  a  common,  detailed 
mechanism  and  compared  to  measurements.  For  each  of  these  flames,  the  mechanism  has  then  been 
reduced  to  the  minimum  number  of  reactions  which  still  capture  all  of  the  essential  features  of  the 
flame  structure.  These  reduced  mechanisms  have  then  been  combined  into  a  comprehensive, 
reduced  mechanism  which  can  model  all  of  the  premixed  flames  of  this  study .  The  full  mechanism 
and  the  comprehensive,  reduced  mechanism  have  also  been  used  to  model  counterflow  diffusion 
flames  of  CH4-N2O  and  CO-N2O. 


RESULTS 


Premixed  Flames 

CH4-N2O  Flames.  The  first  flame  modeled  in  this  study  was  a  30-torr,  burner  stabilized  flame  with 
a  CH4-N20-Ar  molar  ratio  of  0.14-0.57-0.29.  Experimental  data  for  this  flame  were  obtained  from 
Vandooren  et  al.,^  who  measured  the  structure  using  molecular  beam  mass  sampling,  mass 
spectrometric  analysis  and  thermocouples.  The  flame  was  modeled  using  the  computer  program 
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Premix. ^  This  flame  and  all  other  flames  in  this  study  were  modeled  using  the  measured 
temperature  profile  as  input  to  the  program  in  lieu  of  solving  the  energy  equation. 

The  mechanism  first  used  to  model  the  flame,  developed  by  Branch  and  Cor,^  consisted  of  54 
species  and  272  reactions.  Branch  and  Cor  successfully  used  this  mechanism  to  model  several 
different  premixed  flame  systems  involving  nitrogen  oxides.  However,  Fig.  1  shows  that  this 
mechanism  produced  a  calculated  flame  chemistry  which  proceeded  too  slowly  relative  to  the 
measurements  of  Vandooren  et  al.^  To  understand  the  cause  of  this  discrepancy,  sensitivity  analysis 
was  performed  to  determine  which  reactions  were  dominating  the  flmne’s  structure.  The 
concentrations  of  almost  every  major  species  in  the  flame  was  found  to  be  highly  dependent  on  the 
N2O  decomposition  reaction,  N20+M=N2+0+M,  which  is  Reaction  37  in  Table  1.  The  rate 
constants  Branch  and  Cor  used  for  this  reaction  are  also  those  given  in  Table  1.  Tire  literature  on 
this  reaction  was  reviewed  and  various  recommended  rate  constants  were  input  into  the  mechanism 
with  the  goal  of  bringing  the  modeling  into  closer  agreement  with  the  measurements.  However,  no 
rate  constants  recommended  in  the  literature  were  fast  enough  to  achieve  this  goal. 

Another  attempt  to  improve  agreement  between  modeling  and  measurements  was  made  by  adding 
the  radical  reaction  N20+CH3=N2+CH20+H  to  the  mechanism  of  Branch  and  Cor.^  This  reaction 
was  added  because  of  the  relatively  high  concentration  of  CH3  found  in  the  measurements  and 
modeling.  Adding  this  reaction  produced  only  a  slight  improvement  between  the  measurements  and 
the  modeling;  however,  since  it  did  improve  the  modeling  results,  the  reaction  was  included  in  the 
mechanism,  resulting  in  a  273 -reaction  mechanism.  More  significantly,  the  pre-exponential  factor 
for  N2O  decomposition  was  then  made  a  factor  of  eight  larger  than  the  value  used  by  Branch  and 
Cor.^  This  value  was  in  excess  of  the  highest  recommended  values  in  the  literature,  but  the  effect 
of  using  this  value  in  the  273-reaction  mechanism  produced  a  significant  improvement  between 
measurement  and  modeling  for  almost  all  of  the  species  measured  in  the  flame. 

The  need  to  accelerate  the  rate  constant  for  N2O  decomposition  in  this  manner  suggested  that  there 
are  factors  relating  to  N2O  decomposition  not  adequately  addressed  in  the  mechanism  of  Branch  and 
Cor.  Therefore,  a  second  approach  to  modifying  the  mechanism  was  to  keep  the  rate  constants  for 
N2O  decomposition  unchanged  from  those  given  for  Reaction  37  Table  1,  and  instead  include 
additional  N2O  decomposition  pathways.  The  first  change  was  to  add  enhancement  factors  to  N2O 
decomposition  as  suggested  by  Van  Tiggelen.®  These  factors  are  shown  below  Reaction  37  in  Table 
1.  Also,  it  was  considered  that  when  NjO  collides  with  itself,  it  is  possible  for  both  molecules  to 
decompose,  via  the  reaction  2N20=2N2+20,  which  is  Reaction  38  in  Table  1.  Therefore,  the 
enhancement  factor  for  N2O  was  set  to  zero  for  Reaction  37,  and  Reaction  38  was  added  to  the 
mechanism.  Finally,  it  was  considered  that  unimolecular  N2O  decomposition  could  also  exist. 
Therefore,  the  NIST  Chemical  Kinetic  Reference  Base^  was  reviewed  for  rate  constant  data  for 
first-order  N2O  decomposition  at  low  pressure.  A  curve  fit  through  the  available  data  produced  the 
rate  constants  given  for  Reaction  39  in  Table  1. 

These  combined  changes  relating  to  N2O  decomposition  resulted  in  a  275-reaction  mechanism.  As 
shown  in  Fig.  1,  this  mechanism  produced  results  in  marked  improvement  over  those  obtained  using 
the  original  mechanism  of  Branch  and  Cor.^  Also,  the  results  using  the  275-reaction  mechanism 
were  in  very  close  agreement  with  the  results  from  the  273-reaction  mechanism  described  above, 
which  included  the  artificially  enhanced  pre-exponential  factor  for  N2O  decomposition.  Since  the 
changes  made  to  achieve  the  275-reaction  rr^chanism  are  less  arbitrary  than  those  used  to  obtain 
the  273-reaction  mechanism,  subsequent  analyses  in  this  review  are  presented  based  on  using  the 
275-reaction  mechanism.  It  is  noted,  however,  that  results  are  virtually  the  same  using  either 
mechanism. 

Rate  generation  and  sensitivity  analyses  were  performed  on  the  275-reaction  mechanism  as  it  was 
used  to  model  the  CH4-N2O  flame  of  Vandooren  et  al.5  The  rate  generation  analysis  determined 
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Mole  Fraction 


Figure  1.  Measured  (circles)  and  modeled  (lines)  concentration  profiles  of  CH4,  N2O, 
N2,  H2O  and  CO2  in  50-torr,  CH4-N20-Ar  flame  measured  by  Vandooren  et  al.^ 
CH4-N20-Ar  molar  ratio  is  0.14-0.57-0.29  and  total  reactant  volumetric  flowrate  is 
14.2  stLidard  liters  per  minute  (slm).  Flame  is  modeled  using  mechanism  developed 
by  Branch  and  Cor^  and  275-reaction  mechanism  developed  in  this  study. 


which  reactions  are  producing  each  species  at  each  point  in  the  flame,  and  the  sensitivity  analysis 
determined  the  reactions  to  which  the  species  concentration  is  most  sensitive  at  each  point  in  the 
flame.  All  reactions  not  found  to  be  significant  in  either  the  rate  generation  or  sensitivity  analyses 
were  removed  from  the  mechanism.  After  this  analysis  was  completed,  further  reduction  in  the  size 
of  the  mechanism  was  done  more  subjectively,  by  removing  additional  reactions  involving  species 
of  low  concentration.  The  final  reduced  mechanism  consisted  of  17  species  and  22  reactions.  The 
modeling  results  using  this  mechanism  were  in  very  close  agreement  with  the  results  obtained  from 
the  full,  275-reaction  mechanism.  In  Fig.  1,  the  22-reaction  data  would  lie  almost  exactly  on  top 
of  the  275-reaction  data  which  have  been  plotted. 

The  275-  and  22-reaction  mechanisms  were  also  used  to  model  a  50-torr,  CH4-N2O  flame  with  an 
equivalence  ratio  of  1.13,  whose  structure  was  measured  by  Habeebullah  et  al.^°  In  the 
measurements,  probe  sampling  and  gas  chromatographic  analysis  were  used  for  stable  species, 
laser-induced  fluorescence  (LIF)  was  for  unstable  species,  and  LIF  and  thermocouples  were  used 
for  temperatures.  Measurement  results  and  modeling  results  are  shown  in  Fig.  2.  It  can  be  seen 
that  the  modeling  results  are  in  close  agreement  with  the  measurements  for  the  majority  of  species 
in  this  flame,  and  that  the  full  and  reduced  mechanisms  are  once  again  in  close  agreement  with  each 
other. 

C2H2-NO2  Flame,  The  275-reaction  mechanism  was  used  to  model  a  25-torr  flame  with  a 
C2H2-N02-Ar  molar  ratio  of  0.201-0.548-0.251  whose  stmcture  was  measured  by  Volponi  and 
Branch. Stable  species  were  measured  using  mass  spectrometric  analysis,  unstable  species  were 
measured  using  LIF  and  temperatures  were  measured  from  thermocouples  and  OH  rotational  spectra. 
Measurements  and  modeling  results,  shown  in  Fig.  3,  were  in  good  agreement.  Rate  generation  and 
sensitivity  analysis  were  again  performed  on  the  275-reaction  mechanism  as  it  was  used  to  model 
this  flame,  and  unnecessary  reactions  once  again  eliminated  from  the  mechanism.  Additional 
reactions  involving  species  of  low  concentration  were  then  also  removed  from  the  mechanism.  The 
resulting  reduced  mechanism  consisted  of  19  species  and  16  reactions,  and  as  can  be  seen  in  Fig. 
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3,  was  in  good  agreement  with  the  full,  275-reaction  mechanism. 


Figure  2.  Measured  (circles)  and  calculated  (lines)  profiles  of  CH^,  Np,  CO,  CO2, 
H2O  and  N2  in  50  ton,  CH4-N2O  flame  measured  by  Habeebullah  et  al.^°  Flame 
equivalence  ratio  is  1.13  and  reactant  flowrate  is  2.22  slm.  Flame  is  modeled  using 
275-  and  22-rcaction  mechanisms  developed  as  part  of  this  study. 


Figure  3.  Measured  (circles)  and  modeled  (lines)  profiles  of  C2H2,  NO2,  H2O,  CO2 
and  NO  in  25-ton  C2H2-N02-Ar  flame  measured  by  Volponi  and  Branch. 
C2H2-N02-Ar  molar  ratio  is  0.201-0.548-0.251  and  reactant  flowrate  is  4.01  slm. 
Flame  is  modeled  using  275-  and  16-reaction  mechanisms  developed  as  part  of  this 
study. 


CH20~N02  Flame.  The  275-reaction  mechanism  was  used  to  model  a  55-ton  flame  with  a 
CH2O-NO2-O2  molar  ratio  of  0.247-0.627-0.126,  whose  structure  was  measured  by  Branch  et  al.^^ 
Stable  species  were  measured  using  probe  extraction  and  gas  chromatography,  intermediate  species 
were  measured  using  LIF,  and  temperatures  were  measured  using  thermocouples.  Due  to 
measurement  problems  involving  recombination  of  species  within  the  measurement  probe,  only  a 
limited  comparison  between  measurements  and  modeling  was  possible.  This  comparison  is  shown 
in  Fig.  4.  The  modeled  profiles  for  CO  are  in  reasonable  agreement  with  the  experimental  data, 
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while  the  measured  CHoO  and  CO2  profiles  are  less  well-predicted.  Despite  the  limited  data 
available,  sensitivity  and  rate  generation  analyses  were  performed  on  the  275-reaction  mechanism 
modeling  the  CH2O-NO2-O2  flame.  When  unnecessary  reactions  were  eliminated,  a  15-species, 
15-reaction  mechanism  resulted,  and  as  can  be  seen  in  Fig.  4,  the  modeling  results  using  this 
mechanism  were  in  good  agreement  with  those  obtained  using  the  full  mechanism. 

CO-N2O  Flame.  The  275-reaction  mechanism  was  used  to  model  a  50-torr,  stoichiometric  CO-N2O 
flame  whose  structure  was  measured  by  Dindi  et  al.^^  Species  were  measured  using  probe  extraction 
and  gas  chromatography  and  temperatures  were  measured  by  a  thermocouple.  The  chemistry 
proceeded  too  rapidly  relative  to  the  measurements  using  the  275-reaction  mechanism.  Therefore, 
the  272-reaction  mechanism  of  Branch  and  Cor,  which  does  not  contain  the  enhancement  factors 
shown  for  Reaction  37  in  Table  1,  and  also  does  not  contain  Reactions  38  and  39,  was  used  to 
model  the  flame.  As  seen  in  Fig.  5,  the  272-reaction  mechanism  produced  results  which  were  in 
better  agreement  with  the  experimental  data  than  the  results  obtained  using  the  275-reaction 
mechanism. 


Height  Above  Burner  Surface  (mm) 


Figure  4.  Measured  (circles)  and  modeled  (lines)  species  concentration  profiles  in 
55-torr,  CH2O-NO2-O2  flame  measured  by  Branch  et  al.^^  CH20-N02-02  molar  ratio 
is  0.247-0.627-0.126  and  reactant  flowrate  is  2.15  slm.  Flame  is  modeled  using  275- 
and  15-reaction  mechanisms  developed  as  part  of  this  study. 


Height  Above  Burner  Surface  (mm)  Height  Above  Burner  Surface  (mm) 

Figure  5.  Measured  (circles)  and  calculated  (lines)  concentration  profiles  for  CO, 
N2O,  CO2  and  N2  in  50-torr,  stoichiometric  CO-N2O  flame  measured  by  Dindi  et  al.^^ 
Reactant  flowrate  is  2.1  slm.  Flame  is  modeled  using  mechanism  developed  by 
Branch  and  Cor^  and  275-reaction  mechanism  developed  as  part  of  this  study. 
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Dindi  et  al.^^  developed  a  seven-species,  four-reaction  mechanism  to  model  this  flame.  These  four 
reactions  are  Reactions  37,  40,  41  and  42  in  Table  1.  The  modeling  of  the  flame  was  repeated 
using  these  four  reactions  with  the  rate  constants  given  in  Table  1.  Results  were  in  very  close 
agreement  with  the  full,  272-reaction  mechanism  of  Branch  and  Cor.^ 

Combined,  Reduced  Mechanism.  The  reduced  mechanisms  which  were  developed  for  the  CH4-N2O, 
C,H2-N02,  CH2O-NO2  and  CO-N2O  premixed  flames  were  combined  to  produce  a  comprehensive, 
reduced  mechanism  which  could  model  any  of  these  four  systems.  Since  many  of  the  reactions 
were  common  among  the  four  reduced  mechanisms,  the  combined  mechanism  consisted  of  only  42 


TABLE  1 

Comprehensive,  Reduced  Chemical  Kinetic  Mechanism 


K  = 

A  T*'  exp(-E/RT) 

Applicable  Flame  Systems 

RtACTlONS 

A 

(mole-cm-sec-K) 

b 

E 

(cal/naole) 

CH.NjO 

CH,-NO, 

CHjO-NOj  CO-N3O 

1  .CHjO+UH^HCO+HjO 

3.43E+09 

1.2 

-447.0 

X 

2.  CH,0+H=:HC0+Hj 

2.19E+08 

1.8 

3000.0 

X 

X 

3,  HCO+M=H+CO+M 

2.50E+I4 

.0 

16802.0 

X 

X 

CO  Enhanced  by 

1.900E400 

Enhanced  by 

1.900E-fO0 

CO,  Enhanced  by 

3.000E+00 

H,0  Enhanced  by 

5.000E+00 

4.  cb+OH=CO,+H 

1.51E+07 

1.3 

-758.0 

X 

X 

X 

5.  HO,+NO=^NO,+OH 

2.11E+12 

.0 

-479.0 

X 

6.  NO,+H:=NO+6h 

3.50E+14 

.0 

1500.0 

X 

X 

7.  N0,0=N0+0, 

I.OOE+13 

.0 

6(X).0 

X 

8.  no,+no,=n6+no+o. 

2.00E+I2 

.0 

26824.0 

X 

X 

9.  N0,+CoiNO4C0j 

1.20E+14 

.0 

31600.0 

X 

10.  OH+NO+M=HONO+M 

5.10E+23 

-2.5 

-68.0 

X 

X 

1 1.  H0NO+0H=H,O+NOj 

1.30E+10 

1.0 

35.0 

X 

12.  H0,+N0,=H0N0+02 

4.64E+1 1 

.0 

-479.0 

13.  N0+N0=N,+03 

1.30E+14 

.0 

75630.0 

X 

14.  HCO+NO,=CO+HONO 

1.50E+13 

.0 

■4yo.Q 

X 

15.  C,H,+O=CH,+C0 

1.02E+07 

2.0 

1900.0 

X 

16.  CH,+0:=HCC0+H 

1.02E+07 

2.0 

1900/0 

X 

17.  0'h+C,H,-CH+H,0 

3.37E+07 

2.0 

14000.0 

X 

18.  c,h+6,=2c6+h 

3.52E+13 

.0 

.0 

X 

19.  20H=0+H,0 

6.00E+08 

1.3 

.0 

X 

X 

20.  HCN+OH=CN+H,0 

1.45E+13 

.0 

10929.0 

X 

21.  N0,+M=NO+O+M 

l.lOE+16 

.0 

66000.0 

X 

22.  CHj+NO=HCN+OH 

1.39E+12 

.0 

-1100.0 

X 

23.  CN+NO=Nj+CO 

1.07E+I4 

.0 

8000.0 

X 

24.  CH,+H=CH3+Hj 

2.20E+04 

3.0 

8750.0 

X 

25.  CH..+OH=CH,+H,0 

1.60E-K)6 

2.1 

2460.0 

X 

26.  CH.+OsCHj+OH 

1.02E409 

1.5 

8604.0 

X 

27.  CH,+0=CH,0+H 

8.00E+I3 

.0 

.0 

X 

28.  0H+H,=H,6+H 

1.17E409 

1.3 

3620.0 

X 

29.  0+0Hk),+H 

4.00E+14 

-.5 

.0 

X 

30.  0+H,-OH+H 

5.06E+04 

2.7 

6290.0 

X 

31.  0H+H0,=H,0+03 

7.50E+12 

.0 

.0 

X 

32.  H+HO,=20H 

1.40E+14 

.0 

1073.0 

X 

33.  H+HO,aH,+Oj 

1.25E+13 

.0 

.0 

X 

34.  NH+N0=N,0+H 

2.40E+15 

-.8 

.0 

X 

35.  N,0+OH=:N2+HO, 

I.OOE+13 

.0 

10000.0 

X 

36.  N,0+H=N,+OH 

1.50E+14 

.0 

15090.0 

X 

37.  N30+M=N,+0+M 

4.90E+14 

.0 

57500.0 

X 

H,0  Enhanced  by 

7.500E+00 

NO  Enhanced  by 

2.000E+00 

CO  Enhanced  by 

2.000E+00 

CO,  Enhanced  by 

2.00(®+00 

N,0  Enhanced  by 

O.OOOE+00 

38.  N30+Nj0=2Nj+20 

4.90E+15 

.0 

57500.0 

X 

39.  N,0=N,+0 

8.80E+10 

.0 

65100.0 

X 

40.  NjO-fO^Nj+O, 

7.00E+14 

.0 

28200.0 

X 

41.  N,0+0=2N0 

5.60E+14 

.0 

21200.0 

X 

42.  Cb+N,0:^N,+C0, 

2.00E+12 

.0 

17300.0 

X 

X 
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reactions  and  26  species.  This  mechanism  is  shown  in  Table  1 .  This  table  also  identifies  which  flame 
system  individual  reactions  are  applicable  to.  Results  using  the  combined  mechanism  in  Table  1  were 
in  very  close  agreement  with  the  modeling  results  obtained  using  any  of  the  four  reduced  mechanisms 
developed  to  model  the  individual  flame  systems. 

Diffusion  Flames 

The  275-reaction  mechanism  was  also  used  to  model  two  counterflow  diffusion  flames  whose  structure 
was  measured  by  Cor  and  Branch.’^  The  first  was  a  165-torr  flame  with  a  CH4-N2-N2O  molar  ratio  of 
1.0-1.58-2.77  and  the  second  was  a  85-torr  flame  with  a  CO-CH4-N2O  molar  ratio  of  1.0-0.01-1.01. 
Temperatures  were  measured  using  thermocouples  and  stable  species  concentrations  were  measured 
using  probe  extraction  and  gas  chromatography.  The  flame  was  modeled  using  the  computer  program 
Oppdif,  developed  by  Kee  et  al.*^  As  in  the  premixed  flame  modeling,  the  measured  temperature 
profiles  were  used  as  input  to  the  model  in  lieu  of  solving  the  energy  equation. 

Using  the  275-reaction  mechanism,  the  chemistry  proceeded  too  rapidly  relative  to  the  measurements 
in  both  diffusion  flames.  Therefore,  the  272-reaction  mechanism  of  Branch  and  Cor^  was  used  to 
model  the  flames  instead.  The  measured  and  calculated  species  profiles  are  given  in  Figures  6  and  7. 
Reasonable  agreement  between  measurements  and  modeling  was  achieved  for  most  species  in  these 
flames.  In  Fig.  6,  it  can  be  seen  that  the  agreement  between  measurements  and  modeling  is  generally 
as  accurate  as  was  found  in  the  premixed  CH4-N2O  flames  shown  in  Figures  1  and  2.  Oxygen  is, 
however,  greatly  overpredicted  in  the  diffusion  flame,  which  is  not  the  case  for  the  premixed  flame. 

A  comparison  between  the  modeling  results  obtained  in  the  premixed  CO-N2O  flame  of  Dindi  et  al., 
shown  in  Fig.  5,  and  the  CO-N2O  flame  of  Cor  and  Branch, shown  in  Fig.  7,  is  made  difficult 
because  of  the  need  to  premix  a  small  amount  of  CH4  with  the  CO  in  the  diffusion  flame.  This  small 
amount  of  CH4  was  required  to  get  the  fuel  to  decompose  and  bum  in  the  diffusion  flame.  Still, 
modeling  of  the  diffusion  flame  was  as  successful  as  the  modeling  of  the  modeling  of  the  premixed 
flame,  as  can  be  seen  from  a  comparison  of  the  common  species  in  Figures  5  and  7. 


Figure  6.  Measured  (symbols)  and  calculated  (lines)  concentration  profiles  of  CH4,  N2O, 
N2,  O2,  NO,  CO2  and  CO  in  a  165-torr  CH4-N2-N2O  counterflow  diffusion  measured  by 
Cor  and  Branch. Flow  rate  from  the  oxidizer  surface  is  4.68  slm  N2O  and  flowrate 
from  fuel  surface  is  2.96  slm  CH4  and  8.37  slm  N2.  Burner  surface  diameters  are  67.4 
mm  and  separation  distance  is  24.8  mm.  Flame  is  modeled  using  the  mechanism  of 
Branch  and  Cor,"^  and  mechanism  in  Table  1,  excluding  Reactions  38  and  39  and  without 
enhancement  factors  for  Reaction  37. 
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Figure  7.  Measured  (symbols)  and  calculated  (lines)  concentration  profiles  of  CO,  N2O, 
NO,  CO2,  NO  and  O2  in  a  85-toiT  CO-CH4-N2O  counterflow  diffusion  flame  measured 
by  Cor  and  Branch/^  Flowrate  from  the  oxidizer  surface  is  1.69  slm  N2O  and  flowrate 
from  the  oxidizer  surface  is  0.017  slm  CH4  and  1.67  slm  CO.  Burner  surface  diameters 
are  67.4  mm  and  separation  distance  is  24.8  mm.  Flame  is  modeled  using  the 
mechanism  of  Branch  and  Cor,^  and  mechanism  in  Table  1,  excluding  Reactions  38  and 
39  and  enhancement  factors  for  Reaction  37. 


The  mechanism  of  Table  1 ,  minus  die  enhancement  factions  for  Reaction  24,  and  also  minus  Reactions 
25  and  26,  was  also  used  to  model  the  diffusion  flames  of  Cor  and  Branch.  Fig.  6  shows  that  for  the 
CH4-N2O  diffusion  flame,  reasonable  agreement  with  the  full  mechanism  was  obtained  using  this 
reduced  mechanism,  with  the  exception  of  some  discrepancy  in  modeling  the  NO  profile.  Fig.  7  shows 
that  the  agreement  between  the  full  and  reduced  mechanism  in  the  CO-N2O  diffusion  flame  was 
reasonable  except  for  some  discrepancy  in  modeling  the  CO2  concentration  profile. 


DISCUSSION 


The  decomposition  reaction  for  N2O,  N20+M=N2+0+M  is  critical  to  modeling  premixed  and  diffusion 
flames  containing  N2O  as  a  reactant.  In  the  current  study,  two  different  approaches  were  used  to  model 
the  chemistry  involving  this  reaction  in  order  to  obtain  good  agreement  across  the  range  of 
experimental  data.  The  N2O  decomposition  was  required  to  be  faster  in  the  premixed  CH4-N2O  flames 
than  in  the  premixed  CO-N2O  flame  or  either  of  the  counterflow  diffusion  flames.  A  consistent 
mechanism  for  handling  N2O  decomposition,  applicable  to  the  entire  range  of  experimental  flames 
modeled  in  this  study,  was  not  obtained. 

The  reason  for  a  slower  N2O  decomposition  in  the  CO-N2O  premixed  flame  and  both  diffusion  flames 
than  needed  for  the  CH4-N2O  premixed  flames  in  this  study  has  yet  to  be  determined.  It  is  possible 
that  N2O  decomposition  is  enhanced  by  the  presence  of  certain  hydrocarbon  or  hydrogen  species,  which 
would  have  been  absent  during  the  N2O  decomposition  in  the  premixed  CO-N2O  flame  ^d  the 
diffusion  flames.  Data  on  enhancement  factors  for  hydrocarbon  species  and  hydrogen  species  might 
be  especially  valuable  in  trying  to  develop  a  comprehensive  mechanism  consistent  across  all  flames 
studied.  Therefore,  it  is  recommended  that  N2O  decomposition  be  more  thoroughly  studied,  with  a 
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determination  made  of  the  enhancement  factors  for  as  many  different  collisional  partners  as  possible. 
Low-pressure,  unimolecular  N2O  decomposition  should  be  carefully  studied  as  well. 

The  comprehensive,  reduced  mechanism  shown  in  Table  1  contains  42  reactions.  This  mechanism  has 
been  developed  to  model  four  different  flame  systems.  However,  the  systems  modeled  here  are  only 
a  small  subset  of  the  number  of  flames  which  were  identified  as  being  important  by  Yetter  et  al.^ 
Undoubtedly  more  chemistry  will  be  needed  to  model  all  system  identified  by  Yetter  et  al.  It  appears, 
therefore,  that  a  comprehensive  mechanism,  even  of  reduced  size,  which  can  be  used  by  global 
modelers  of  solid  propellant  combustion,  will  contain  a  substantial  number  of  reactions,  and  will  require 
a  great  deal  of  computational  power  for  any  global,  solid  propellant  combustion  model. 
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COMMENTS 

J.  Vanderhoff,  Army  Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland,  Differences  exist 
between  the  flame  species  experimental  data  and  the  model  predictions  for  the  CH2O/NO2  flame.  It 
is  suggested  that  the  differences  are  due  to  experimental  difficulties.  What  is  your  opinion  of  the 
extent  to  which  an  incomplete  reaction  set  is  responsible  for  the  differences? 

Author  s  Reply,  The  differences  could  very  well  arise  because  of  experimental  uncertainty  or  because 
of  an  incomplete  reaction  mechanism  or  uncertainties  in  the  rate  data.  Our  confidence  in  the 
experimental  data  in  the  flame  with  CH2O  is  not  as  great  as  with  the  other  flames  largely  due  to  the 
experimental  difficulties  in  generating  pure,  gaseous  CH2O  in  the  laboratory  and  in  calibration  for  this 
species  and  NO2.  These  two  species  pose  special  challenges  due  to  the  fact  that  they  polymerize  if 
not  kept  heated  prior  to  introduction  into  the  flame.  Another  contributing  factor  is  that  the 
measurements  of  CH2O  containing  flames  are  at  much  higher  concentrations  than  previous 
measurements  of  CH2O  as  an  intermediate  in  hydrocarbon  combustion  systems. 
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Area  2: 

Environmental  Considerations 
in  Combustion  of  Solid 
and  Liquid  Propellants 


TOWARDS  THE  DEVELOPMENT  OF  "CLEAN  BURNING”, 
LOW  FLAME  TEMPERATURE  SOLID  GUN  PROPELLANTS’ 


R.  A.  Pesce-Rodriguez,  R.  A.  Fifer,  and  J.  M.  Heimerl 
U.S.  Army  Research  Laboratory 


ABSTRACT:  As  part  of  an  effort  to  develop  "clean  burning"  solid  propellants,  an  investigation  into  the 
use  of  agents  which  would  eliminate  nitrogen  oxide  from  propellant  pyrolysis  products  was  performed. 
Urea  was  found  to  reduce  bodi  flame  temperature  and  the  level  of  nitrogen  oxide.  Unfortunately,  it  also 
decreased  the  theoretical  performance  of  propellants  to  which  it  was  added.  While  such  formulations 
would  never  qualify  for  use  in  actual  weapon  systems,  they  suggest  that  a  "clean"  gun  propellant  could 
also  fill  a  more  tradtional  need  of  the  Army,  i.e.  lenthening  the  service  life  of  gun  barrels  by  reduction  of 
flame  temperature.  A  useful  lesson  for  researchers  investigating  the  development  of  environmentally- 
friendly  propellants  is  that  performance  will  always  be  the  determining  factor  in  selection  of  propellants. 
Perhaps  the  most  useful  outcome  of  this  effort  was  the  stimulation  of  renewed  interest  in  agents  to  reduce 
flame  temperatures. 


INTRODUCTION 

There  are  several  challenges  posed  by  solid  propellants  in  the  Army’s  current  gun  systems.  Not  least 
among  these  are  the  need  for  reduced  flame  temperatures  (to  extend  gun  barrel  service  life),  and  the  need 
for  reduced  toxic  gas  production,  espcially  under  pyrolysis  conditions.  Incomplete  combustion  of  solid 
gun  propellants  is  a  common  occurance  during  the  firing  of  both  experimental  and  fielded  gun  systems. 
Included  among  the  products  of  this  phenomenon  are  nitrogen  oxides  and  carbon  monoxide.  Carbon 
monoxide,  CO,  poses  the  most  serious  health  hazard  [1],  and  is  found  at  such  dangerously  high  levels  that 
health  agencies  may  impose  restrictions  on  the  number  of  test  firings  that  be  performed  per  day. 
Unfortunately,  elimination  of  CO  from  gun  propellant  combustion  products  it  not  feasible  from  a  ballistic 
standpoint.  However,  the  corrosive  nature  of  nitrogen  oxides  (NOx’s)  also  makes  them  a  matter  of 
concern  for  both  users  and  environmental/health-related  agencies.  A  Snelson  et  al  [2]  measured  breech 
NOx  concentrations  that  were  10^  times  greater  than  predicted  by  thermochemical  calculations,  indicating 
that  the  actual  problem  may  be  more  serious  than  many  users  suspect.  While  it  may  be  argued  that  bore 
evacuators  protect  tank  crews  against  toxic  combustion  products,  this  is  true  only  when  the  evacuators  are 
functioning  properly  and  when  intact.  It  has  been  reported  that  a  hole  as  small  as  2  cm  is  sufficient  to 
allow  dangerously  high  levels  of  toxic  gases  into  the  crew  compartment.  It  has  been  suggested  that  even 


^  A  modified  version  of  this  manuscript  has  been  published  in  the  Journal  of  Energetic 
Materials,  Vol  14, 173-191  (1996). 
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intact  evacuator  systems  do  not  k^p  tank  compartments  free  of  proi>ellant  combustion  gases.  Exposure 
of  test  crews  to  combustion  ^es  is  becoming  increasingly  more  common  as  test  site  personnel  resort  to 
enclosed  (muffled)  bays  to  reduce  noise  levels  near  urban  populations.  At  such  sites,  large  fens  must 
ventilate  the  test  bay  for  several  minutes  to  remove  toxic  vapors  before  testing  can  resume. 

Solid  residues  resulting  from  incomplete  combustion  also  pose  significant  safety  and  environmental 
concerns.  For  example,  smoldering  residues  remaining  aft^  firing  often  result  in  significMit  quantities 
of  smoke.  This  low  pressure  pyrolysis  generates  much  larger  quantities  of  NOx  and  other  non-equilibrium 
gases  than  does  high  pressure  combustion.  Re-ignition  of  propellant  residue  in  fielded  tanks  has  been 
reported.  Propellant  residue  in  breeches  is  also  said  to  be  responsible  for  the  creation  of  sealing  problems. 

As  disscussed  above,  incomplete  combustion  of  solid  propellants  can  pose  a  significant  hazard  to  the 
health  and  safety  of  military  and  civilian  personnel.  The  work  presented  here  summarizes  efforts  intended 
to  address  and  reduce  this  hairard  by  identifying  solid  propellant  formulations  which  will  generate  less 
NOx,  especially  under  pyrolysis  conditions,  wfrile  at  the  same  time  meeting  the  Army's  need  for 
propellants  with  reduced  flame  tempo^ture. 


BACKGROUND 

It  has  b^n  known  for  some  time  that  M30  gun  propellant  (composed  of  nitrocellulose,  nitroguanidine  and 
nitroglycerine)  differs  from  other  NC-based  propellant  in  that  its  flame  temperature  is  relatively  cool  and 
that  it  exhibits  no  "dark  zone”,  i.e.  no  non-luminous  zone  [3-7].  D^k  zone  chemistry  is  dominated  by 
the  chemistry  of  NO  -  more  specifically,  by  the  slow  conversion  of  NO  to  Nj  [8].  Much  attention  has  been 
given  to  this  chemistry  because  of  its  potential  importance  to  delayed  ignition  [5,6].  It  was  proposed  by 
Anderson  [9]  that  the  absence  of  the  dark  zone  in  M30  might  suggest  that  nitroguanidine  was  behaving 
as  a  “De-NOx  agent”,  i.e.  and  species  capable  of  reducing  NOx  to  N2. 

A  proposed  mechanism  for  the  removal  of  NOx's  by  amines  is  described  in  Figure  1  [10].  De-NOx 
agents  have  been  shown  to  be  effective  in  eliminating  NOx  production  in  internal  combustion  engines 
and  other  devices.  In  these  applications,  the  agents  are  ammonia-  or  amine-producing  species  which 
reduce  NO  to  Nj.  In  nitrate  ester-  or  nitramine-based  solid  gun  and  rocket  propellants,  NO  is  produced 
from  the  -NO2  groups  in  the  energetic  oxidizer  (e.g.,  RDX),  polymer  (e.g.,  nitrocellulose  NC),  or 
plasticizer  (e.g.,  nitroglycerine,  NG).  The  concept  for  the  current  work  is  based  on  the  use  of  De-NOX 
^ents  in  solid  propellants  to  reduce  NO  to  N2  at  or  near  the  burning  propellant  surface;  the  increased  near- 
surfece  energy  release  should  also  lead  to  more  complete  combustion  (i.e.  more  equilibrium  products  and 
less  solid  residue)  and  reduction  of  other  products  of  a  toxic  or  carcinogenic  nature.  In  addition  to 
reducing  NOx  levels  in  the  combustion  products  of  solid  gun  propellants,  bum  rate  modification  by  De- 
NOx  ^ents  is  also  possible.  Previous  attempts  to  "catalyze”  the  burning  of  solid  propellants  have  made 
use  of  oxidizing  agents  (e.g  PbO),  rather  than  reducing  agents  (e.g  NH3).  (Note:  An  exception  to  this  has 
been  found,  Fifer  and  McBratney  [11],  and  Fifer  and  Cole  [12].)  If  De-NOx  agents  can  effectively 
eliminate  NOx  from  the  combustion  products  of  solid  propellants,  th^  may  also  serve  as  effective 
burning  rate  "catalysts”,  thereby  simultaneously  preventing  pollution  (by  both  NOx  and  heavy  metals)  and 
enhancing  performance. 

Based  on  this  background  information,  an  investigation  into  the  effects  of  ammonia-  and  amine-generating 
compounds  on  solid  propellant  combustion  and  pyrolysis  products  was  undertaken.  In  an  examinination 
of  the  pyrolysis  products  of  M30  (a  triple-base  propellant)  and  two  “nitroguanidine-free”  nitrocellulose- 
based  propellants  (N^  and  MIO,  double-  Mid  single-base  propellants,  respectively),  it  was  observed  that 
M30  actually  generates  more  NO  thMi  do  the  propellants  without  nitroguanidine.  These  results  suggest 
that  while  nitroguanidine  might  participate  in  tiie  elimination  of  NO  under  high  pressure  combustion 
conditions,  it  does  not  do  so  at  atmospheric  pressure.  Results  to  be  presented  below  indicate  that  while 
nitroguanidine  does  generate  NH3,  it  also  generates  significant  quantities  of  NO  and  is  tiierefore  mi 
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unsuitable  agent  for  reduction  of  NOx  production  under  pyrolysis  conditions. 


Figure  1.  The  thermal  De-NOx  process  [10] 

The  specific  focus  of  the  present  work  is  on  the  use  of  urea  as  an  agent  for  reduction  of  both  flame 
temperature  and  NOx  production  under  pyrolysis  conditions.  Acknowledgement  of  the  existence  of 
superior  agents  for  both  individual  objectives  is  freely  given.  The  primary  objective  of  this  paper  and  of 
the  presentation  made  at  the  Fourth  International  Symposium  on  Special  Topics  in  Chemical  Propulsion 
is  to  stimulate  discussion  on  the  subject  of  "clean  burning"  propellants  with  reduced  flame  temperatures. 
Limited  success  in  this  area  has  already  been  observed.  In  recent  months,  both  the  US  Army  and  Navy 
have  demonstrated  a  renewed  interest  in  agents  for  flame  temperature  reduction.  Interest  in  cleaner 
burning  solid  gun  propellants  is  limited  to  only  those  formulations  that  in  no  way  compromise 
performance. 

EXPERIMENTAL 


Samples 

Experimental  quantities  of  a  double-base,  JA2-like  solid  propellant  were  fabricated  by  handmixing 
acetone  solutions  of  JA2  with  ground  urea.  Pyrolysis  samples  were  prepared  by  casting  films  of  the 
handmixed  propellants  on  aluminum  foil.  Candidate  De-NOx  agents  included  triaminoguanidine  nitrate 
(TAGN),  nitroguanidine  (NQ),  triamino-trinitro-benzene  (TATB),  ammonium  carbonate,  and  urea. 
Structures  of  these  compounds  are  given  in  Figure  2. 
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Figure  2.  Structure  of  several  candidate  De-NOx  agents 


Chromatographic  Instrumentation 

Analyses  of  pyrolysis  products  were  conducted  using  a  Hewlett  Packard  5965  Gas  Chromatograph  ("GC”) 
interfaced  to  a  Hewlett  Packard  Model  5965A  infiared  detector,  "IRD",  and  5970  Mass  Spectrometric 
Detector,  MSD  (only  MS  results  are  reported  here).  Chromatographic  conditions:  Quadrex  capillary 
column  0.32  mm  x  25  m  x  3  /^m  OV-17  film;  oven  program:  50*0  for  3  min,  then  50®C  to  200®  C  at  10 
deg/min;  injector  and  interface  chamber  held  at  200®  C. 


Pyrolysis  experiments 

Samples  were  placed  in  quartz  tubes  and  held  in  place  with  plugs  of  glass  wool.  Tubes  were  inserted  into 
a  coil-type  Pyroprobe  (Chemical  Data  Systems,  CDS,  Model  122)  which  was  connected  via  a  heated  CDS 
interlace  chamber  to  the  splitless  injector  of  the  GC.  The  heated  GC  interface  was  continuously  swept 
with  helium  carrier  gas.  Approximately  0.6  mg  of  sample  was  pyrolyzed  for  each  analysis.  All  samples 
were  pulse-pyrolyzed  at  1000®C. 


Calculations 

Blake  (13)  calculations  were  performed  using  a  value  of -80.227  kcal/g-mol  for  the  heat  of  formation  of 
urea,  and  "standard”  library  values  for  JA2  propellant. 
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RESULTS  AND  DISCUSSION 


Screening  runs  of  potential  agents  for  reduction  of  NOx  generation  were  performed  by  pyrolyzing  the 
materials  at  1000°C.  The  primary  basis  for  acceptance  during  screening  runs  was  that  the  materials 
thermally  decompose  to  generate  ammonia  or  amines.  Results  of  screening  tests,  as  well  as  the  melting 
(or  decomposition)  temperatures  for  the  several  candidate  agents,  are  given  in  Table  1 .  Based  on  the 
information  in  Table  1,  it  was  concluded  that  the  energetic  materials  (TAGN,  NQ,  and  TATB)  were 
unsuitable  agents.  The  basis  for  this  conclusion  is  that  while  those  agents  do  generate  ammonia,  they  also 
generate  significant  quantities  of  NO,  suggesting  that  while  thay  may  reduce  flame  temperatures,  they  will 
not  reduce  NOx  generation  under  pyrolysis  conditions  (as  was  observed  for  pyrolysis  of  M30  gun 
propellant).  Ammonium  carbonate  was  eliminated  from  further  consideration  because  of  its  low 
decomposition  temperature. 


Table  1 

Relative  Pyrolysis  Yields  and  Melting/Decomposition  Temperatures  for  Several  Candidate  Agents 


Compound 

Relative 

Tm 

Comments 

Pyrolysis  Yield 

rc) 

NH3* 

NO* 

Ammonium 

329 

0 

58(d) 

good  De-NOx  agent. 

Carbonate 

but  hygroscopic 

Urea 

101** 

0 

133 

good  thermal  stability, 
compatible  with  NC 

TAGN 

281 

111 

216(d) 

generates  NO  on  pyrolysis 

NQ 

66 

194 

225-250  (d) 

generates  NO  on  pyrolysis 

TATB 

33 

174 

325  (d) 

generates  NO  on  pyrolysis 

(d)  Decomposes 

*  Pyrolysis  at  1000®  C.  Peak  area  determined  by  pyrolysis/GC-MS;  sample  mass  =  0.3  mg 
**  Urea  also  generated  "large"  pyrolysis  products  (e.g.  vapor  phase  urea).  It  is  expected  that  under 
combustion  conditions,  more  NH3  will  be  generated. 

Figure  3  shows  the  experimental  results  for  pyrolysis  of  JA2-like  propellants  containing  urea.  Levels  of 
NO  generated  from  pyrolysis  of  two  different  hand-mixes  of  JA2/urea  propellants  are  shown.  Figures  4 
and  5  show  impetus  and  flame  temperatures,  respectively,  calculated  using  the  Blake  code.  As  expected, 
the  impetus  is  observed  to  decrease  as  the  percentage  of  urea  in  the  formulation  increases.  The  net  change 
in  impetus  for  a  JA2-like  propellant  containing  4  wt-%  urea  is  approximately  4%  relative  to  neat  JA2. 
The  flame  temperature  of  the  JA2/urea  propellant  containing  4  wt-%  urea  is  approximately  200®  K  lower 
than  that  of  neat  JA2.  The  decrease  in  projectile  velocity  for  the  same  JA2/urea  propellant  is  expected 
to  be  approximately  2%  (considering  that  muzzle  velocity  can  be  approximated  by  the  square  root  of  the 
impetus). 

Of  course,  a  decrease  in  performance  even  as  small  as  2%  is  completely  unacceptable  for  a  new  propellant 
formulation.  However,  the  potential  for  flame  temperature  reduction  offered  by  urea  is  quite  attractive, 
and  if  nothing  else,  leads  to  the  consideration  of  other  possible  agents.  A  recent  paper  by  Juhasz  et  al.  [14] 
is  closely  related  to  the  work  presented  here,  and  reports  on  12  additives  considered  as  potential  agents 
for  reduction  of  flame  temperature.  Results  of  thermochemical  calculations  for  a  JA2-like  propellant 
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containing  these  agents  indicate  that  p>erformance  need  not  suffer  at  the  expense  of  reduced  flame 
temperature.  Investigation  of  the  effect  the  agents  on  propellant  pyrolysis  studies  have  not  yet  been 
performed. 


Wt-%  Urea 


*  Hand-Mix  #1*  «  Hand-Mix  #2* 

•  Pyrcdysis  product,  scaled 

Figure  3.  NO  produced  from  pyrolysis  of  JA2/Urea 
propellant  (*:  scaled) 


Figure  4.  Calculated  flame  temperature  for  JA2/Urea  propellant. 
Based  on  BLAKE  caldations  at  0.2  g/cc  nominal  gas  phase  density. 


Figure  5.  Calculated  impetus  for  JA2/Urea  propellant;  from  Blake 
calculations  at  0.2  g/cc  gas  phase  density. 


CONCLUSION 

Based  on  the  results  presented  here,  it  is  concluded  that  urea  is  an  attractive  agent  for  decreasing  both 
flame  temperature  and  production  of  NO  under  pyrolysis  conditions.  It  effectively  reduces  the  level  of 
NO  generated  by  pyrolysis  of  JA2-like  propellants,  yet  has  little  effect  on  performance  when  used  at  low 
levels  of  incorporation.  Flame  temperature  reductions  achievable  with  an  agent  such  as  urea  are  expected 
to  significantly  extend  the  life  of  gun  barrels.  An  added  benefit  of  the  use  of  urea  is  that  it  has  been 
reported  to  be  a  successful  flash  supressant  [15],  Results  reported  for  the  use  of  polyurethane  additives 
in  double-base  propellants  [16]  suggest  a  similar  flame  temperature  suppression  and  concomitant  wear 
reduction. 

While  the  results  reported  here  are  certainly  insufficient  to  justify  the  fielding  of  a  new  propellant,  they 
do  provide  encouragement  in  the  search  for  agents  that  will  not  only  reduce  flame  temperatures  of  solid 
propellants  and  thereby  extend  gun  barrel  1  service  life,  but  also  provide  a  safer  environment  for  testing 
and  military  personnel.  Discussions  and  investigations  stimulated  by  these  early  results  are  already  taking 
place  in  the  United  States.  It  is  hoped  that  this  manuscript  and  the  presentation  made  at  the  Fourth 
International  Symposium  on  Special  Topics  in  Chemical  Propulsion  will  stimulate  others  in  the  field  of 
gun  propellant  development  to  consider  enviromental  and  health  aspects,  as  well  as  performance  aspects, 
when  designing  new  propellant  formulations. 
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COMMENTS 


1.  Dr.  Tung-ho  Chen,  U.S.  Army  Armament  Research,  Development,  and  Engineering  Center, 
Picatinny  Arsenal,  New  Jersey.  To  the  best  of  my  knowledge,  there  are  no  internationally  accepted 
criteria  for  determining  compatibility  by  DSC.  It  is  therefore  recommended  that  the  standard 
compatibility  test  (90  °C  for  40  hours,  in  this  case)  be  performed  in  the  studies  of  this  subject. 

Authors’  Reply.  Yes,  you  are  correct.  The  DSC  results  presented  do  not  confirm  long-term 
compatibility.  The  samples  with  which  we  performed  our  investigations  were  all  very  small  (less  than 
one  gram  in  size)  hand-mixes  that  could  be  easily  screened  for  gross  incompatibility  by  DSC. 
Regarding  the  compatibility  of  the  specific  JA2/Urea  formulation,  we  have  been  told  by  several 
individuals  with  first  or  second-hand  knowledge  of  previous  work  with  such  a  formulation  that  the 
materials  are  NOT  compatible  when  tested  by  other  methods. 

2.  Prof  M.C.  Lin,  Emory  University,  Atlanta,  GA.  Cyanuric  acid,  an  efficient  source  of  HNCO,  has 
been  used  by  Sandia  National  Labs  (Livermore)  for  the  rapid  reduction  of  NOx  (RAPRENOx).  Have 
you  studied  its  effect  on  NOx  reduction  in  gun  propellant  combustion  reactions? 

Authors’  Reply.  Actually,  the  focus  of  this  work  was  pyrolysis  of  gun  propellants  rather  than 
combustion.  We  did  consider  cyanuric  acid,  but  spent  most  of  our  time  screening  materials  that  were 
thought  to  be  good  sources  of  ammonia  and/or  amines,  rather  than  HNCO.  Your  suggestion  is  a  good 
one.  Given  the  opportunity  to  spend  more  time  on  this  project,  we  would  certainly  give  this  candidate 
a  second  look. 
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EFFECTS  OF  ROCKET  EXHAUST  ON  THE  LAUNCH  SITE  ENVIRONMENT  AND 

STRATOSPHERIC  OZONE 


Robert  R.  Bennett,  Jay  R.  Whimpey,  Randall  Smith-Kent,  Allan  J.  McDonald 

Thiokol  Corp.,  Brigham  City,  Utah 


ABSTRACT:  Three  independent  studies  regarding  the  environmental  impacts  of  testing  and  launching 
rockets  were  published  in  the  1991  -  1992  time  frame.  Each  of  these  studies  concluded  that  these 
impacts  are  quite  minor.  Since  these  studies  were  published,  there  has  been  additional  work  in  exhaust 
cloud  modeling,  ozone  depletion  predicted  by  atmospheric  models,  and  in  alternate  propellant 
development. 

This  paper  discusses  the  conclusions  of  the  three  earlier  studies  in  light  of  the  most  recent  data.  The  long 
term  impact  of  launching  nine  Shuttles  and  three  Titan  IV  rockets  annually  is  predicted  to  be  a  global 
stratospheric  ozone  depletion  of  0.006  -  0.02  percent.  Local  and  regional  effects  are  predicted  to  be 
higher. 

While  a  considerable  amount  of  work  has  been  done  to  understand  the  impacts  of  rockets  on  the 
environment  near  the  launch  site,  one  of  the  potentially  toxic  species  produced  in  the  atmosphere  during 
a  rocket  launch,  NO2,  has  been  given  little  treatment.  Recent  calculations  show  that  NO2  produced  firom 
afterburning  and  atmospheric  oxidation  of  some  liquid  rocket  exhaust  clouds  may  be  of  comparable 
toxicity  to  HCl  plus  NO2  from  some  solid  rockets. 


BACKGROUND 

The  environmental  impacts  of  chemical  propulsion  continue  to  be  an  area  of  research  and  concern  from 
time  to  time.  Three  independent  reviews^*^’^  were  published  in  the  1991  -  92  time  frame  which 
summarized  the  data  available  at  that  time  regarding  the  atmospheric  effects  of  launching  rockets. 
Additional  studies  were  published  previous  to  that  time,^’^  and  have  included  the  impacts  of  launching 
and  testing  rockets  on  both  the  atmosphere  and  on  the  biota  in  the  vicinity  of  ftie  launch  or  test  site.  The 
American  Institue  of  Aeronautics  and  Astronautics  (AIAA)  sponsored  a  workshop  on  the  atmospheric 
effects  of  chemical  rocket  propulsion  in  Sacramento  in  Jime,  1991.  Representatives  from  the  propulsion 
industry,  the  National  Aeronautics  and  Space  Administration  (NASA),  the  Department  of  Defense 
(DoD),  the  Environmental  Protection  Agency  (EPA),  environmental  groups,  the  Library  of  Congress, 
and  the  atmospheric  science  commumty  all  helped  to  produce  a  pK)sition  paper.  The  paper  was  published 
in  October  1991  after  approval  by  all  parties  concerned.  The  conclusions  of  the  study  regarding  the 
magnitude  of  the  effects  were: 

1 .  Using  a  launch  model  of  nine  Shuttles  and  six  Titans  per  year,  on  a  global  basis,  stratospheric 
ozone  depletion  was  calculated  to  range  from  0.0065%  to  0.024%.  Depletion  is  expected  to  be 
somewhat  higher  in  the  northern  mid-latitudes,  where  most  of  the  launches  occur.  In  the  near 
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vicinity  of  the  plumes,  ozone  depletion  may  be  high  (>80%),  but  recovery  occurs  rapidly.  Global 
ozone  depletion  due  to  heterogeneous  reactions  that  may  take  place  on  the  surfaces  of  alumina,  soot, 
or  ice  is  expected  to  be  small  if  the  chemistry  associated  with  rocket  particulates  is  the  same  as  that 
of  natural  stratospheric  particulates. 

2.  The  global  contribution  to  anthropogenic  sources  of  acid  rain  by  chemical  rockets  is  estimated  to 
be  less  than  0.01%.  Current  data  suggest  that  local  effects  are  confmed  to  areas  less  than  2,500  feet 
from  the  latmch  site. 

3.  The  contribution  of  chemical  rockets  to  global  warming  is  minute. 

4-  The  extensive  experience  base  in  rocket  testing  and  flights  suggests  that  concerns  with  toxicity 
of  rocket  ingredients  or  effluents  are  manageable  by  proper  operational  controls. 

The  AIAA  report  recognizes  that  there  are  many  areas  which  have  not  received  adequate  research.  For 
example,  the  global,  regional,  and  local  stratospheric  ozone  effects  cited  are  almost  all  calculated  effects 
based  on  atmospheric  models.  There  is  very  little  experimental  data  available  on  either  measurement 
of  the  exhaust  species  themselves,  or  their  effects.  The  AIAA  recommended  that  research  be  conducted 
on  both  stratospheric  ozone  effects  and  on  local  tropospheric  air  and  ground  effects.  While  there  has 
been  some  research  in  these  areas  since  the  publication  of  the  AIAA  report,  there  has  not  been  a 
concerted,  focused  effort,  primarily  due  to  a  lack  of  funding. 

Shortly  after  the  publication  of  the  AIAA  report,  the  World  Meteorological  Organization  (WMO)  issued 
its  1991  assessment  on  the  state  of  knowledge  of  stratospheric  ozone  depletion.^  The  WMO  report 
includes  a  chapter  on  the  effects  of  rockets  on  stratospheric  ozone.  This  chapter  was  included  because 
of  a  request  by  the  Russians  to  do  so.  It  was  the  conclusion  of  this  study  that  the  impact  of  chemical 
rockets,  particularly  the  Space  Shuttle,  on  global  stratospheric  ozone  is,  at  most,  a  third  order  effect,  and 
not  of  great  concern.  It  also  included  a  discussion  on  local  ozone  effects,  concluding  that  while  there 
may  be  significant  ozone  depletion  in  the  air  around  the  rocket  plume,  the  atmosphere  recovers  rapidly. 
An  upper  limit  of  local  ozone  destruction  following  a  Shuttle  launch  was  obtained  by  satellite  data 
showing  no  ozone  depletion  within  the  detection  limits  of  the  Total  Ozone  Mapping  Spectrometer 
(TOMS)  instrument. 

The  third  of  the  major  studies  conducted^  was  sponsored  by  the  European  Space  Agency  (ESA),  and 
concerned  the  impacts  of  Ariane  V  launches  on  the  stratosphere.  The  assessment  was  based  on 
launching  10  Ariane  V  rockets  per  year,  every  year  for  20  years.  The  conclusions  in  this  study  were  very 
similar  to  those  of  the  other  two  studies,  and  ESA  did  not  recommend  any  changes  in  launch  vehicles 
for  environmental  reasons. 

As  with  the  AIAA  report,  the  ESA  and  the  WMO  reports  recognize  the  lunitations  of  the  measured  data 
obtained  to  date.  The  ozone  depletion  data  reported  were  all  calculations  based  on  homogeneous 
chemistry.  Without  conducting  a  rigorous  global  model  on  rocket  exhaust  impacts,  it  is  estimated  that 
the  inclusion  of  potential  heterogeneous  chemistries  would  at  most  double  the  stratospheric  ozone 
depletion  from  rockets. 
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DISCUSSION  AND  RESULTS 


Update  on  the  Stratospheric  Impacts  of  Rockets 

In  the  years  since  the  AIAA,  WMO,  and  ESA  reports  were  issued,  our  understanding  of  atmospheric 
processes  has  improved,  and  additional  refinements  to  the  global  models  have  been  made.  Additional 
modeling  studies  on  the  effects  of  rockets  on  stratospheric  ozone  have  been  published.®’^’*’®’^°’‘^’^2’^^>^^'^^ 
These  studies  have  mainly  focused  on  local  stratospheric  impacts  of  the  exhaust  cloud  from  a  single 
launch.  There  is  some  question  as  to  the  constituents  of  die  exhaust  cloud,  particularly  the  distribution 
of  chlorine  between  HCl  (by  far  the  major  chlorine  species  at  ground  level),  and  CI2.  Some  models 
suggest  that  chlorine  from  rocket  exhaust  is  distributed  about  equally  between  CI2  and  HCl  with 
afterburning  under  stratospheric  conditions.  Molecular  chlorine  will  be  photolyzed  within  minutes  or 
hours,  whereas  HCl  remains  intact  for  days  or  weeks,  but  eventually  releases  its  chlorine  after  reacting 
with  a  hydroxyl  radical.  On  a  regional  or  global  basis,  this  is  irrelevant,  since  in  either  case,  the  chlorine 
will  eventually  be  released  as  free  atomic  chlorine. 

On  a  local  basis,  an  increase  in  the  CI2/HCI  ratio  could  lead  to  more  significant  ozone  depletion  within 
the  plume.  However,  Karol  et  al.^*^  cited  in  the  WMO  report  and  in  the  AIAA  report,  predict  that  even 
without  free  chlorine,  the  bulk  of  the  ozone  in  the  plume  of  a  solid  or  liquid  rocket  may  be  depicted  for 
a  few  hours  due  to  the  production  of  NO  with  afterburning.  Karol  used  the  U.S.  Space  Shuttle  as  a  test 
case  for  a  mostly  solid  propulsion  system,  and  the  Russian  Energya  for  an  all  liquid  system.  There  has 
been  some  debate  on  the  quantity  of  NOx  (odd  nitrogen  species,  mainly  NO  and  NO2)  species  produced 
in  the  afterburning  region  of  rocket  plumes,  particularly  at  stratospheric  altitudes,  with  predicted  NOx 
emission  indices  ranging  from  0.06®  to  33  g  NOx/kg  fiiel,*^  depending  on  the  type  of  rocket  and  the 
model  used.  Obviously,  the  extent  of  NOx  production  will  directly  affect  the  relative  contribution  of 
chlorine  species  in  solid  rocket  exhaust  to  the  total  ozone  destruction  resulting  from  the  rocket.  For  the 
maximum  stratospheric  NOx  production  scenario,  the  overall  impact  on  the  total  ozone  column  from 
the  Space  Shuttle  was  calculated  by  Karol  to  be  at  most  an  8  percent  decrease,  which  recovers  after  a 
few  hours.  Of  the  total  ozone  destroyed,  about  25  percent  was  calculated  to  be  due  to  HCl,  and  75 
percent  to  NOx. 

Regardless  of  which,  if  any,  model  is  most  accurate,  an  upper  limit  on  total  column  ozone  destruction 
after  a  single  launch  can  be  established  based  on  the  work  by  MePeters  et  al.,'®  and  Kruger  et  al.^**^  using 
data  from  the  Total  Ozone  Mapping  Spectrometer  (TOMS).  The  TOMS  instrument  has  passed  over  the 
southeast  U.S.  on  several  occasions  within  several  hours  after  Space  Shuttle  launches  and  detected  no 
ozone  decrease.  The  TOMS  instrument  does  not  have  an  extremely  high  resolution  footprint,  but  should 
be  able  to  detect  a  column  ozone  decrease  of  about  10  percent  over  a  20x20  km  area. 

Larger  decreases  in  the  total  local  ozone  column  vrithin  a  Space  Shuttle  exhaust  cloud  than  Karol 
calculates  have  been  predicted  by  Ross,^®  who  estimates  up  to  30  percent  decreases  in  the  total  ozone 
column  may  be  observed  if  wind  conditions  are  such  that  the  exhaust  conh’ail  is  ‘stacked’  vertical  by 
atmospheric  winds.  They  predict  that  the  bulk  of  the  ozone  destruction  will  be  due  to  fi^e  chlorine, 
produced  from  the  photolysis  of  CI2,  which,  in  turn,  was  produced  during  the  afterburning  from  HCl. 
As  a  consequence  of  this  prediction,  and  the  limitations  in  the  resolution  of  the  TOMS  instrument,  the 
Aerospace  Corp.  has  designed  and  built  a  new  high  resolution  ozone  imager  (HIROIG),  which  has  a 
much  narrower  field  of  view  in  order  to  focus  on  point  sources  of  ozone  depletion.  This  instrument  has 
yet  to  be  placed  on  a  space  platform,  but  has  been  used  on  the  ground  in  an  attempt  to  measure  column 
ozone  depletion  following  a  Shuttle  launch.  The  HIROIG  instrument  was  deployed  at  the  Kennedy 
Space  Center  for  the  July  1994  launch,  and  collected  data  under  nearly  ideal  conditions  for  ozone 
depletion  measurements.  The  Shuttle  was  launched  around  noon  on  a  clear  day,  with  upper  atmospheric 


winds  blowing  such  that  the  contrail  did  stack  back  on  itself,  and  the  whole  cloud  drifted  to  a  position 
nearly  directly  above  the  HIROIG.  The  final  report  on  the  HIROIG  measurements  has  not  yet  been 
released,  but  preliminary  indications  are  that  no  alarming  ozone  depletion  was  observed. 

The  identification  of  the  central  role  of  heterogeneous  processes  in  the  formation  of  the  Antarctic  ozone 
hole  has  been  well  documented  in  recent  years.  Condensation  of  HCl  and  NOt  onto  polar  stratospheric 
cloud  (PSC)  aerosols,  and  the  subsequent  release  of  active  chlorine  into  a  denitrified  atmosphere  are  the 
most  significant  chemistries  leading  to  the  nearly  complete  depletion  of  stratospheric  ozone  at  some 
altitudes  during  the  Antarctic  spring.  Jackman  et  al,  have  recently  calculated  the  added  effect  of 
stratospheric  aerosols  on  the  regional  and  global  ozone  depletion  due  to  rocket  launches.  Using  the  same 
launch  scenario  proposed  by  Prathef  of  nine  Shuttles  and  six  Titans,  Jackman  calculates  the  global 
ozone  depletion  due  to  rockets  to  be  0.0056%  when  only  homogeneous  chemistry  is  included,  and 
0.014%  when  stratospheric  aerosols  of  both  sulfuric  acid  and  polar  stratospheric  clouds  (ice  and  hydrated 
nitric  acid)  are  included.  It  has  been  pointed  ouf  ®  that  the  propellant  mass  of  a  Titan  rocket  used  by 
Prather  is  low  by  a  factor  of  two,  so  the  actual  launch  scenario  used  was  nine  Shuttles  and  three  Titans. 

The  possibility  of  additional  ozone  depletion  due  to  heterogeneous  chemical  reactions  occurring  on  the 
condensed  phase  species  (AI2O3,  H2O,  soot)  produced  by  rockets  has  been  raised.  It  is  not  currently 
known  whether  or  not  chemistries  similar  to  those  occurring  on  PSCs  can  occur  on  alumina  ftom 
rockets.  However,  calculations  by  Carrier  et  al.*  suggest  that  even  with  a  high  rate  of  reaction,  the  plume 
disperses  too  rapidly  for  significant  ozone  destruction  by  heterogeneous  processes. 

Another  area  of  recent  research  has  been  the  question  of  halocarbon  (CFC)  reactions  on  the  alumina 
from  solid  rockets.”  It  has  been  suggested  that  alumina  surfaces  may  act  as  catalytic  sites  for  the 
decomposition  of  CFCs.  If  this  is  the  case,  then  alumina  could  cause  the  CFCs  to  release  their  chlorine 
more  rapidly  than  they  otherwise  would.  This  would  result  in  the  overall  active  chlorine  burden  in  the 
stratosphere  being  increased  in  the  short  term,  but  decreased  in  the  long  term.  Robinson’s  work 
indicates  that  CFCs  in  contact  with  alumina  may  indeed  be  decomposed.  However,  this  study  was 
performed  using  pure,  single  crystal  alumina.  The  alumina  from  a  rocket  motor  may  be  very  different. 
In  addition,  if  the  alumina  decomposes  CFCs  in  the  stratosphere,  it  should  do  the  same  in  the 
troposphere,  and  would  therefore  prevent  those  CFCs  from  reaching  the  stratosphere  and  releasing  their 
chlorine  into  the  ozone  destruction  cycle.  It  is  therefore  not  clear  what  the  overall  impact  catalytic  CFC 
decomposition  on  the  surfaces  of  rocket  exhausted  alumina  would  have  on  stratospheric  ozone. 

While  only  a  limited  amount  of  experimental  work  specifically  focused  on  the  stratospheric  impacts  of 
chemical  propulsion  has  been  done,  the  evidence  linking  the  Antarctic  ozone  hole  in  particular,  and 
global  stratospheric  ozone  depletion  in  general  to  the  tropospheric  emission  of  CFCs  and  other  ozone 
depleting  substances  (ODSs)  continues  to  grow.  The  link  between  active  stratospheric  chlorine  species 
and  the  nearly  complete  removal  of  ozone  from  the  Antarctic  stratosphere  at  certain  altitudes  and  seasons 
has  been  firmly  established.^^  The  efforts  of  the  parties  involved  in  the  Montreal  Protocol  to  eliminate 
the  production  and  release  of  ODSs  have  begun  to  bear  finit.  The  rate  of  increase  of  the  concentration 
of  the  most  abundant  CFCs  has  begun  to  slow,  while  the  atmospheric  concentration  of  trichloroethane 
has  actually  begun  to  drop.  This  is  significant  for  chemical  propulsion  in  that  the  same  models  and 
scientific  understanding  which  led  to  the  provisions  of  the  Montreal  Protocol  were  used  to  draw  the 
conclusions  in  the  papers  cited  above. 


Local  Launch  Site  Issues 

Virtually  all  of  the  studies  which  have  been  done  on  the  effects  of  rocket  effluents  around  the  launch  site 
have  focused  on  solid  rockets,  and  in  particular,  the  HCl  and  aluminum  oxide  emissions.^^’^^  The  one 


95 


exception  is  that  the  impacts  of  a  catastrophic  failure  of  a  liquid  rocket  using  N204/Aerozine  have  been 
evaluated,  since  both  of  these  ingredients  are  quite  toxic.  Aerozine  is  a  mixture  of  approximately  50 
percent  unsymmetricaJ  dimethyl  hydrazine  (UDMH)  and  50  percent  hydrazine.  The  studies  which  have 
been  done  show  that  plant  and  animal  mortalities  resulting  from  the  HCl  in  the  exhaust  cloud  of  a  Shuttle 
launch  are  limited  to  a  region  within  about  1/2  mile  of  the  launch  pad.  Leaf  spotting  from  acidic 
deposition  occurs  up  to  several  miles  away,  but  the  effects  are  temporary. 

Because  of  the  toxicity  of  HCl  at  concentrations  greater  than  about  10  ppm,  and  the  ceiling  limit  of  5 
ppm  under  EPA  and  the  National  Institute  of  Occupational  Safety  and  Health  (NIOSH),  launch  criteria 
have  been  established  for  ground  level  HCl  concentrations.  Prior  to  each  launch  at  either  Vandenberg 
Air  Force  Base  (VAFB)  or  Cape  Canaveral  Air  Station  (CCAS),  local  meteorological  data  and  calculated 
rocket  exhaust  products  are  input  into  the  Rocket  Exhaust  Effluent  Dispersion  Model  (REEDM),  which 
calculates  the  maximum  ground  level  concentrations  of  the  exhaust  species  over  the  surrounding  area. 
These  data  are  used  to  assess  the  advisability  of  launching  from  a  toxicological  exposure  basis.  The  Air 
Force  has  defined  Toxic  Hazard  Corridor  Tier  levels,  to  which  toxicological  data  can  be  applied  to  assess 
the  potential  danger  to  individuals  near  the  launch  site.  The  tier  levels  are  defined  as  follows:^'* 

Tier  I.  A  zone  for  which  certain  sensitive  individuals  (asthmatics  and  those  with  pulmonary 

difficulties)  may  be  at  some  risk  from  exposure. 

Tier  II:  A  zone  that  represents  the  concentration  level  above  which  there  may  be  significant  or 

irreversible  effects  from  exposure. 

Tier  III;  A  zone  that  represents  the  concentration  level  which  is  immediately  dangerous  to  life  and 

heath. 

The  Air  Force  policy  at  VAFB  has  been  to  consider  a  Tier  I  condition  predicted  to  impact  the  general 
populace  or  on  base  housing  as  a  ‘no  go’  for  launch.  The  Tier  I  criteria  have  undergone  three  revisions 
in  the  past  year,  changing  from  10  ppm  time  weighted  average  (TWA)  for  30  minutes,  to  1  ppm 
instantaneous  (Oct.  27, 1994),  to  1  ppm  TWA  for  1  hour  (Dec.  30,  1994),^^  and  finally  to  2  ppm  TWA 
for  1  hour  or  10  ppm  instantaneous  (June  7,  1995).^^  The  consequence  of  the  Oct.  27,  1994  change  to 
1  ppm  maximum  peak  concentration  was  a  reduction  in  launch  probability  at  VAFB  of  all  launch 
vehicles  using  solid  rocket  motors.  For  example,  the  Titan  vehicle  launch  probability  was  reduced  to 
27  percent  based  on  the  HCl  restrictions  alone.  Realizing  the  hardship  imposed  on  rocket  laimching  by 
this  very  conservative  restriction,  a  reassessment  was  made,  resulting  in  the  guidelines  of  30  Dec.  and 
7  June. 

One  area,  which  appears  to  have  been  mostly  overlooked,  are  the  tropospheric  NOx  emissions  of  rockets. 
Most  of  the  calculations  have  used  as  input  to  the  exhaust  cloud  dispersion  models  the  species  at  the 
nozzle  exit  plane,  which  have  not  taken  into  account  afterburning,  and  the  possible  production  of  NOx’s. 
Those  studies  which  have  considered  afterburning  and  NOx  production  have  mainly  focused  on  the 
stratospheric  ozone  effects  of  the  major  NOx  constituent,  NO.  NOx  effects  have  not  been  of  serious 
concern  in  the  launch  site  models  because  NO  is  fairly  innocuous  compared  with  HCl  or  NO2. 
Calculations  of  afterburning  chemistry  at  sea  level  show  that  fairly  high  levels  (on  the  order  of  2-3 
percent  of  the  total  exhaust)  of  NOx  are  predicted  when  afterburning  is  completed,  and  that  about  the 
same  amount  is  produced  in  both  liquid  and  solid  rockets. 

A  study  to  calculate  the  relative  concentrations  of  HCl,  NO,  and  NO2  in  the  exhaust  clouds  of  various 
rocket  motors  as  the  clouds  diffuse  and  strike  the  ground  has  been  conducted  recently.  As  discussed 
above,  there  are  regulations  in  place  for  maximum  predicted  HCl  concentrations,  and  launches  and  tests 
have  been  delayed  on  this  basis.  Since  NO2  is  at  least  as  toxic  as  HCl,  based  on  its  permissible  e}q)osure 
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limit  (PEL)  of  1  ppm,  and  on  toxicological  studies,  it  was  felt  that  it  was  important  to  calculate  their 
relative  concentrations  for  different  launch  vehicles. 

Table  I  shows  the  calculated  exhaust  products  of  many  of  the  current  U.S.  launch  vehicles.  Two 
columns  are  shown  for  each  vehicle,  the  first  giving  the  nozzle  exit  plane  species,  and  the  second,  the 
species  predicted  after  the  completion  of  the  afterburning  reactions  in  which  oxygen  from  the  air  further 
oxidizes  hydrogen,  carbon  monoxide.  The  values  shown  are  in  grams  of  products  per  100  grams  of 
propellant.  The  total  of  all  products  is  greater  than  100  grams  for  the  afterburning  cases  because  oxygen 
and  nitrogen  from  the  atmosphere  are  incorporated  into  some  of  the  species.  In  the  case  of  water,  some 
is  produced  within  the  rocket  chamber,  as  is  reflected  in  the  exit  plane  columns,  some  is  produced  when 
hydrogen  and  hydroxyl  are  oxidized,  and  some  is  present  in  the  ambient  air.  The  values  given  for  water 
in  the  afterburning  columns  include  as  much  water  as  would  be  present  in  air  at  25  °C  and  46%  relative 
humidity. 

From  an  environmental  perspective,  the  most  significant  change  in  exhaust  species  with  afterburning 
is  the  production  of  nitrogen  oxides.  The  computer  model  used  for  these  calculations  predicts  that  all 
of  the  rocket  motors  shown  produce  between  2.3  and  3.5  grams  NOx  per  100  grams  of  fuel  during  the 
afterburning  process,  with  more  than  99  percent  in  the  form  of  NO,  with  only  a  trace  of  NO2.  While  NO 
is  classified  as  a  toxic  chemical,  it  is  less  toxic  than  either  HCl  or  NO2.  Its  Occupational  Safety  and 
Health  Administration  (OSHA)  TWA  permissible  exposure  limit  (PEL)  is  30  mg/m^  with  no  ceiling 
limit  listed.  This  is  similar  to  the  toxicity  of  carbon  monoxide.  The  OSHA  ceiling  value  for  HCl  is  7 
mg/m^  (5  ppm),  and  for  NO2  is  1.8  mg/m^  (1  ppm). 

Although  NO  is  the  species  immediately  produced  in  the  afterburning  of  the  rocket,  measurements 
suggest  that  a  significant  fraction  of  the  NO  is  converted  to  NO2  within  several  minutes.^^  NO,  NOx  and 
ozone  measurements  were  made  by  an  instrumented  aircraft  which  flew  through  the  exhaust  cloud  of 
a  Titan  III  launch  in  1974.  The  passes  were  made  at  T+5  and  T+34  minutes,  and  showed  increasing 
levels  of  NO2.  At  T+5  minutes,  about  22  percent  of  the  NOx  was  NO2  while  at  T+34  minutes,  this  had 
increased  to  about  32  percent.  Assuming  that  the  calculations  are  correct,  and  there  is  little  NO2 
immediately  after  the  launch,  an  excellent  fit  of  the  NOj/NOx  ratio  vs.  log(time)  can  be  made.  This  is 
shown  in  Figure  1 .  The  significance  of  these  data  is  that  within  several  minutes  after  the  rocket  launch, 
a  significant  portion  of  the  NO  has  been  converted  to  a  species  of  much  greater  toxicity. 

While  concern  has  been  expressed  over  the  past  several  years  about  the  potential  for  public  exposure  to 
unacceptable  levels  of  HCl  from  solid  rocket  motors  containing  AP,  NO2  has  not  been  an  issue  even 
though  it  is  potentially  more  toxic  than  HCl.  This  is  largely  because  even  with  afterburning  considered, 
NO2  is  only  a  very  minor  constituent  of  rocket  exhaust.  It  is  only  when  the  conversion  of  NO  to  NO2, 
and  the  relative  rise  rates  of  different  exhaust  clouds  are  included  that  NO2  becomes  significant.  It  is 
important  to  remember  that  for  the  regulatory  limits,  the  real  concern  is  not  maximum  exhaust  cloud 
concentrations,  but  rather  the  maximum  concentrations  observed  on  the  ground  as  the  exhaust  cloud 
disperses  over  the  nearby  landscape. 

Calculations  were  performed  for  all  of  the  launch  vehicles  listed  in  Table  1  using  the  EPA  approved 
INPUFF  computer  model  to  predict  the  maximum  concentrations  of  important  exhaust  species  impacting 
the  ground  as  a  function  of  distance  from  the  launch  site  for  various  meteorological  conditions.  In  order 
to  make  comparisons  between  different  rocket  motors,  the  results  were  normalized  to  equivalent  thrust. 
Figure  2  shows  a  comparison  between  the  maximum  ground  concentration  of  NO2  from  a  single  Space 
Shuttle  Main  Engine  (SSME),  and  the  NO2  plus  HCl  from  a  Space  Shuttle  Solid  Rocket  Booster  (SRB) 
as  a  function  of  distance  from  the  launch  site,  as  calculated  by  the  INPUFF  program.  The  NO2 
concentration  was  estimated  from  the  calculated  NOx  concentration,  and  was  based  on  the  Titan  data 
from  Figure  1 .  The  principal  reason  that  the  NO2  ground  concentration  from  the  SSME  may  be  just  as 
high  at  some  locations  as  the  HCl  plus  NO2  ground  concentration  of  the  SRB  is  the  relative  plume  rise. 
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Motors  with  very  high  thrust  such  as  seen  in  SRBs  have  a  large  heat  release  concentrated  in  a  single 
plume.  The  plume  from  the  SRB  is  predicted  to  rise  higher  than  that  of  the  SSME,  and  therefore  become 
more  dispersed  prior  to  impacting  the  ground. 

Figure  3  represents  an  attempt  to  include  the  relative  toxicities  of  the  two  species  with  the  concentration 
data  in  order  to  get  a  ‘toxicity  ratio’.  Since  NO2  has  a  PEL  about  four  times  lower  than  that  of  HCl, 
equivalent  toxicity  would  be  faced  at  1/4  of  the  NO2  concentration.  Thus,  for  any  value  greater  than  1 
on  the  curve  in  Figure  3,  a  person  on  the  ground  would  be  exposed  to  a  more  toxic  exhaust  cloud  from 
an  SSME  firing  than  from  an  SRB  firing.  For  this  scenario,  this  would  be  the  case  for  locations  from 
2  to  9  km  from  the  rocket  motor.  It  must  be  noted  that  the  conversion  of  NO  to  NO2  is  likely  to  be 
dependent  on  the  type  of  launch  vehicle  and  on  local  meteorological  conditions.  Applying  the  rate  of 
NO  to  NO2  conversion  from  the  Titan  vehicle  to  other  rocket  motors  is  therefore  only  an  approximation, 
but  lacking  other  data,  it  is  the  best  that  can  be  done. 

Normalizing  launch  systems  to  equivalent  thrust  for  comparisons  is  difficult.  For  example  if  it  is 
desirable  to  compare  the  SRB  exhaust  cloud  with  the  cloud  formed  by  a  combination  of  several  SSMEs, 
one  must  assume  a  cluster  of  SSMEs  in  some  configuration.  If  the  SSMEs  are  arranged  such  that  the 
plumes  mix  little  before  combining  with  ambient  air,  the  exhaust  clouds  may  have  a  rise  height  similar 
to  that  from  a  single  motor,  and  therefore  have  ground  impact  concentrations  much  higher  than  a  single 
motor  due  to  the  increased  mass  of  exhaust  products.  On  the  other  hand,  if  the  plumes  from  the 
individual  motors  combine  to  form  one  large  plume  with  a  buoyancy  equivalent  to  one  large  motor,  the 
NO2  concentration  from  the  SSME  cluster  would  be  similar  to  that  of  the  SRB.  Figure  4  shows  the 
worst  case  scenario  for  an  SSME  cluster,  and  assumes  that  the  separate  exhaust  plumes  do  not  combine 
early  to  contribute  to  each  other’s  buoyancy,  but  do  eventually  mix  to  give  a  single  large  exhaust  cloud. 
In  this  scenario,  the  exhaust  cloud  from  the  SSME  cluster  has  a  groimd  cloud  toxicity  equivalent  to,  or 
greater  than  that  of  the  SRB  out  to  about  22  km  from  the  launch/test  site.  It  is  likely  that  in  reality,  some 
mixing  would  occur  in  the  hot  SSME  plumes,  and  the  plume  rise  would  be  somewhat  higher  than  that 
calculated  for  a  single  SSME.  The  concept  of  large  hot  plumes  giving  more  dispersed  ground  impacts 
than  smaller,  less  buoyant  plumes  is  analogous  to  the  construction  of  tall  smokestacks  at  power  plants. 
When  the  air  pollutants  are  released  at  a  high  altitude,  they  are  dispersed  to  harmless  concentrations  by 
the  time  they  impact  the  ground,  whereas  if  they  were  released  at  ground  level,  their  concentrations 
would  be  significantly  higher. 

These  findings  are  only  relevant  on  a  relative  sense.  None  of  the  concentrations  predicted  by  the 
INPUFF  code  exceed  the  PELs  for  any  rocket  exhaust  species.  Note  that  the  concentrations  of  the  two 
species  of  concern  are  predicted  to  be  less  than  0.1  ppm  at  all  locations  (Figure  2),  much  less  than  the 
respective  1  or  5  ppm  PELs  for  NO2  and  HCl.  However,  decisions  or  recommendations  of  preferred 
rocket  propulsion  chemistry  have  been  made  in  the  past  on  the  basis  of  predicted  ground  concentrations, 
and  in  fact,  launches  and  static  tests  of  solid  rocket  motors  have  been  delayed  at  times.  What  these  data 
suggest  is  that  one  of  the  proposed  solutions  for  making  rocket  exhaust  clouds  less  toxic,  switching  from 
solid  to  liquid  booster  rockets,  may  not  improve  the  situation  at  all. 


CONCLUSIONS 

The  environmentat  impacts  of  chemical  rocket  propulsion  have  continued  to  be  investigated  in  recent 
years.  The  recent  data  have  tended  to  support  the  conclusions  of  the  reviews  which  were  published  in 
the  1991-92  time  frame.  The  global  impacts  of  rockets  at  current  or  projected  launch  rates  on  the 
stratospheric  ozone  layer  are  very  small,  on  the  order  of  a  few  thousandths  to  one  or  two  hundredths  of 
a  percent.  Regional  effects  were  predicted  to  be  somewhat  higher  in  regions  of  high  launch  activities, 
while  local  effects  were  calculated  to  be  rather  high  immediately  following  a  launch,  but  recovered  to 
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near  prelaimch  levels  within  a  few  hours.  Most  of  the  recent  work  on  the  impact  of  rocket  motors  has 
focused  on  local  ozone  effects  in  the  vicinity  of  the  exhaust  cloud.  Model  calculations  have  been 
performed  in  Germany  and  in  the  U.S.  and  confirm  the  earlier  predictions  of  high  local  ozone  depletion, 
but  disagree  to  some  degree  on  the  chemical  species  responsible  for  the  ozone  destruction,  and  on  the 
length  of  time  required  for  recovery. 

Although  it  has  been  argued  for  years  that  solid  rocket  clouds  containing  HCl  present  no  threat  to  the 
public  health,  even  on  a  local  level,  there  have  always  been  concerned  parties  that  have  argued  that  less 
toxic  exhaust  clouds  can  be  produced  by  switching  to  liquid  propulsion.  The  data  presented  above  show 
that  this  may  not  necessarily  be  the  case,  and  that  to  the  contrary,  at  many  locations  die  toxicity  of  liquid 
rocket  exhaust  clouds  may  exceed  that  of  solid  rockets.  Since  neither  exhaust  cloud  presents  a  real  threat 
to  safety,  decisions  on  the  choice  of  propulsion  system  should  be  made  on  the  basis  of  cost,  reliability, 
and  safety,  and  not  on  the  basis  of  local  environmental  impacts.  In  connection  with  this,  launch  site 
range  safety  should  not  focus  entirely  on  HCl  as  it  has  done  in  the  past,  but  should  also  consider  NO2 
from  all  rockets  in  the  test  or  launch  decision. 
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ABSTRACT:  It  is  usually  recognized  that  the  impact  of  solid  rocket  propulsion  on  the  environment 
lies  in  the  interaction  between  exhaust  gases  and  upper  atmosphere  layers  (greenhouse  effect  or  ozone 
layer’s  destruction).  The  fact  remains  that  local  pollution  near  test  benches,  may  occur  if 
meteorological  conditions  are  bad.  In  order  to  grant  test  permission,  we  studie  the  environmental 
impact  of  a  given  test.  Indeed,  industrial  and  urban  areas  located  in  the  neighbourhood,  require  that 
acid  rain  phenomenon  should  be  taken  into  account.  Achieved  at  the  shortest  delay  before  the  tests, 
this  environmental  impact  assessment  is  carried  out  by  computed  simulations.  Results  have  been 
gradually  adjusted  thanks  to  various  tests  up  to  the  ARIANE  V  booster  scale.  Recently  new  work  was 
done  on  the  ascensive  phase  of  exhausts  and  a  new  model,  derived  from  G.A.  BRIGGS'  model,  was 
developed.  Theoretical  work  is  presented. 


INTRODUCTION 

The  CAEPE  is  a  French  Ministry  of  Defense  ground  testing  center  for  ballistic  and  tactical  missiles.  In 
particular,  it  specializes  in  bench-testing  the  various  solid  rocket  motors  for  the  French  Nuclear 
Deterrent.  These  ground  tests,  involving  high  tonnage  rocket  motors,  require  increasingly  strict 
precautions  whenever  firing  authorizations  are  requested,  as  the  test  area  is  under  pressure  from  urban 
expansion  in  neighboring  towns. 


The  harmfijl  side-effects  of  rocket  ground  testing  may  be  divided  into  three  categories  : 

-  exhaust  gases  containing  hydrochloric  acid  vapor  and  dust 

-  the  likelihood  of  acid  rain  under  the  trajectory  of  the  effluent  gases 

-  high-intensity  noise  pollution. 


The  first  point  would  seem  to  be  the  most  difficult  to  resolve,  as  the  standards  for  atmospheric 
pollution  are  becoming  increasingly  strict.  In  fact,  the  risk  of  acid  rain  and  noise  pollution  causes 
greater  concern.  Furthermore,  although  it  would  seem  difficult  to  eliminate  the  hydrochloric  acid 
content  in  the  exhaust  gases,  it  is  possible  to  avoid  acid  rain  or  concentrated  noise  pollution  in  a 
restricted  area.  This  is  achieved  by  authorizing  test  firing  subject  to  the  results  of  mathematical 
simulations  to  forecast  the  extent  of  the  various  risks  in  function  of  the  actual  meteorological 
conditions  in  the  vicinity  of  the  test  zone. 
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It  is  immediately  obvious  that  the  most  difficult  aspect  is  developing  sufficiently  fast  calculations  to 
provide  real  assistance  in  decision-making  before  the  weather  conditions  change. 

Following  some  general  remarks  about  rocket  exhaust,  this  article  presents  details  of  the  most 
complex  part  of  the  simulation  :  modeling  the  rising  and  diffusion  of  the  plume  of  exhaust  fumes.  A 
brief  presentation  of  the  acoustic  simulation  is  included  at  the  end  of  the  article. 


GENERAL  DESCRIPTION  OF  EFFLUENT  GASES  FROM  SOLID  ROCKET  MOTORS 

Over  the  past  thirty  years,  many  authors  have  analyzed  the  environmental  impact  of  solid  rocket 
motors.  The  most  delicate  area,  considered  to  be  the  major  pollutant,  that  has  given  rise  to  a  long¬ 
standing  controversy,  is  the  interaction  between  space  rocket  launcher  exhaust  gases  and  the 
stratospheric  ozone  layer.  Indeed,  as  A.  DAVENAS  remarked,  it  would  seem  that  the  international 
community  now  agrees  that  "the  impact  of  rocket  motors  is  extremely  low,  or  even  negligible,  as 
compared  to  other  sources  of  compounds  likely  to  react  with  ozone". ^  The  affect  on  the  atmosphere 
as  a  whole  may  also  be  considered  negligible.  As  a  ground  test  of  a  military  rocket  motor  generates 
much  less  pollution  than  a  shuttle  launch,  there  is  no  reason  to  suppose  that  there  would  be  any 
significant  pollution  of  the  lower  layers  of  the  atmosphere  in  the  area  around  the  test  center  (the  lower 
level  of  the  atmosphere  is  from  1,000  to  2,000  meters  ;  as  the  exhaust  consists  of  very  hot  gases  it 
rises  very  rapidly,  then  stabilizes  in  this  layer).  This  is  due  to  the  fact  that  the  exhaust  cloud  is  very 
small  in  atmospheric  terms  (10^  -  10^  m^)  so  it  dissipates  very  rapidly. 


In  practice,  although  the  CAEPE  is  about  ten  kilometers  upwind  fi'om  a  METEO-FRANCE  weather 
station  in  the  prevailing  wind,  no  atmospheric  pollution  has  ever  been  detected. 


As  far  as  compliance  with  atmospheric  pollution  standards  is  concerned,  the  CAEPE  must  remain 
below  a  threshold  set  by  the  Classified  Installations  Department  (for  information,  the  CAEPE's 
pollution  levels  are  approximately  1/10  of  the  threshold).  The  threshold  is  expressed  as  an  annual 
quantity  of  hydrochloric  acid  released  into  the  atmosphere.  (It  is  equivalent  to  the  pollution  released 
by  4  1 -meter  diameter  smokestacks  producing  air  contaminated  with  HCl  at  a  rate  of  10  m/s,  and 
complying  with  instantaneous  emission  standards). 


The  quantity  of  gas  emissions  is  not,  therefore,  harmfiil  to  the  environment.  On  the  other  hand,  as  was 
mentioned  in  the  introduction,  it  is  necessary  to  take  steps  to  prevent  acid  rain. 


MODELING  THE  RISK  OF  ACID  RAIN 

Acid  droplets  are  not  formed  systematically  within  the  emission  cloud.  As  has  been  mentioned  in  other 
publications  the  firing  of  a  rocket  motor  is  not  usually  capable  of  producing  acid  rain  on  its  own.2-4 
However,  the  meteorological  situation  and  water  injection  systems  used  to  protect  some  facilities  may 
aggravate  the  risk  to  a  considerable  extent. 


General  Characteristics 

The  objective  of  this  model  is  to  forecast  the  risks  generated  in  an  area  close  to  the  point  of  emission 
(with  a  radius  of  a  few  kilometers).  Its  intended  operational  use  (authorizing  test-firings)  precludes 
any  elaborate  system  requiring  long  calculation  times.  This  model  only  takes  a  few  minutes  to  run.  It 
is  initialized  by  means  of  a  weather  radiosonde  operated  by  CAEPE  staff,  making  it  possible  to 
produce  a  realistic  simulation  in  under  half  an  hour. 
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The  calculations  are  divided  into  two  stages,  first  modeling  the  emission  cloud  as  it  rises  and 
stabilizes,  then  calculating  its  diffusion.  The  second  stage  will  not  be  described  in  detail  in  this  article.^ 
It  should  also  be  noted  that  the  two  stages  in  the  model  are  not  equally  important  from  an  operational 
point  of  view.  It  is  quite  clear  that  producing  an  accurate  diffusion  model  is  not  very  useful  unless  the 
trajectory  is  reliable.  It  is  much  more  important  to  have  a  model  capable  of  predicting  as  accurately  as 
possible  the  altitude  at  which  the  cloud  of  exhaust  fiimes  will  stabilize  (and,  thus,  the  cloud's 
trajectory),  although  it -may  be  necessary  to  weight  the  rain  parameters  as  we  can  be  satisfied  with  a 
succinct  diffusion  survey.  The  vital  parameter  in  our  simulation  is  the  stabilization  altitude,  determined 
in  function  of  local  meteorological  conditions. 


Rising  Phase 

Although  the  way  the  plume  of  smoke  rises  is  influenced  by  the  aerodynamic  configuration  of  the 
ground  around  the  test  site  (buildings  around  the  test  bench,  local  relief  in  the  form  of  protective 
merlons,  etc.),  we  make  the  (realistic)  assumption  that  the  influence  of  these  factors  is  negligible  by 
comparison  with  the  direct  upward  force  of  the  plume  of  smoke.  This  force  is  produced  by  the  initii 
vertical  velocity  of  the  exhaust,  combined  with  its  high  temperature,  which  creates  a  significant 
diflference  in  density  between  the  gaseous  effluent  and  the  surrounding  air. 


When  the  test  firing  takes  place  in  a  horizontal  configuration  (on  a  deflector)  or  "nozzle  down"  (in  a 
trench  deflector),  the  simulation  is  no  longer  bound  by  the  very  complex  aerodynamic  interactions 
with  the  ground  as  the  position  of  the  discharge  source  may  be  considered  to  be  the  deflector  or 
trench  deflector  outlet. 


In  all  these  configurations,  the  data  are  then  restricted  to  an  initial,  purely  vertical,  velocity  (wo),  a 
geometrical  parameter  (initial  radius  of  the  gas  cloud,  ro)  and  a  thermodynamic  parameter  describing 
the  initial  heat  flow  rate,  Qho,  in  the  rocket  exhaust. 


The  weather  radiosonde  provides  a  description  of  atmospheric  conditions,  which  are  then  divided  into 
layers  where  the  normal  variables  (temperature,  pressure,  humidity,  wind  speed  and  direction)  change 
in  a  linear  manner. 


Model 

In  the  most  general  case,  the  mass-conservation  equations  for  momentum  and  energy  (considered  here 
in  the  form  of  enthalpy),  may  be  expressed  as  follows  ; 

ap  .  _ 

+  div  ( pV )  -  0  (mass  conservation)  (3.1) 

dt 

DV  “  _ 

p  +  divipD,  V  =  pf  (momentum)  (3.2) 


Dh  ^  Dp  ,  =  — _ 

p  —  +  div^.  «i  =  —  +  p.divV-^,  V.  gradfV  (enthalpy)  (3.3) 


where  ;  p  represents  the  local  density  of  the  fluid 
V  the  velocity 
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p 

h  =  ei  +  —  the  enthalpy  of  the  internal  energy  fluid  ei  at  pressure  p 
„  P 

Cpn,  V  the  most  general  way  of  expressing  the  momentum  diffusion  flux  density 

(pD.  ei  the  most  general  way  of  expressing  the  internal  energy  diffusion  flux  density 

D 

the  special  derivative  (total  derivative). 

Dt 

In  the  mechanics  of  continuous  media,  it  is  shown  that  the  momentum  diffusion  flux  density  is 
identified  with  the  tensor  P  of  the  stresses  within  the  fluid. 

Finally,  the  internal  energy  diffusion  flux  density  takes  into  account  the  flow  of  heat  through  the  fluid 
by  conduction  (Fourier's  law),  physical  diffusion  (Pick's  law),  radiation,  etc. 

Simplifying  assumptions.  -  The  only  external  force  applying  to  the  fluid  is  due  to  gravity: 

pf  =  pg  ( 3  -  4 ) 

-  The  fluid  is  Newtonian  and  non-viscous: 

divCpo,  V  =  grad  p  (3*5) 

-  The  processes  are  adiabatic: 

(pD,ei  =  0  (3.6) 

This  last  assumption  takes  into  account : 

-  negligible  conductive  heat  flux  (perfectly  justified) 

-  low  radiant  flux  (also  justified,  in  the  case  of  mainly  gaseous  exhaust  fumes,  with  a  low 
particle  content) 

-  no  convective  flux,  which  is  logical,  given  that  the  initial  model  was  based  on  the 
assumption  of  a  non-viscous  fluid,  that  would,  therefore,  be  incapable  of  producing 
turbulence. 

It  is,  however,  quite  clear,  that  experimental  observations  reveal  a  highly  turbulent  plume,  that  draws 
in  outside  air  as  it  expands. 

To  solve  this  problem,  we  adopted  the  TAYLOR  model  (also  used  by  G.A.  BRIGGS).  He  suggested 
closing  the  model  with  a  geometrical  equation  describing  the  development  of  the  plume  as  it  rises,  and 
the  effect  by  which  it  absorbs  outside  air.  A  simple  equation  (development  of  the  plume  in  a  cone 
shape)  is  sufficient  on  its  own  for  modeling  the  viscous  effects  and  provides  an  adiabatic  boundary 

The  model  can  then  be  summed  up  in  the  following  equations  : 


5P 

~  +  div(pV)  =  0 

at 

(mass  conservation) 

(3.7) 

DV  - 

P - =  pg  -gradp 

Dt 

(momentum) 

(3.8) 

Dh  Dp 

p - = - 

Dt  Dt 

(enthalpy) 

(3.9) 

r  =  ro  + 

(geometry) 

(3.10) 

where  r  is  the  radius  of  the  plume  at  altitude  z. 
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By  making  use  of  the  notion  of  potential  temperature  8  that  remains  constant  in  an  adiabatic 
evolution,  the  enthalpy  equation  is  replaced  by  (combined  with  the  perfect  gases  law) : 


De 


The  attempt  to  identify  a  stationary  solution  leads  to  the  following  ; 


div(pV)  =  0  (3.12) 

p(V.grad)V  =  pg-gradp  (3.13) 

(V.grad)e  =  0  (3.14) 

r  =  ro  +  Y.z  (3^15) 


Standard  solution.  The  solution  proposed  by  BRIGGS  leads  to  the  following  equations:^'^ 
dFm 

- =  F 

dt 

dF 

—  =  -s.Fm 
dt 

r  =  ro  +  y.z 


(3.16) 

(3.17) 

(3.18) 


with  the  following  parameters  ; 


0  —  6ex  2  Q® 

F  =  g. - .u.r  =  g. - 

Qex  ICpexCpTex 

Fin  =  uwr  ^ 


(3.19) 

(3.20) 


g  30€X 

s  =  ^  stability  parameter  for  the  outside  atmosphere 

0ex  dz 

u  =  horizontal  velocity  of  the  fluid  (affected  by  the  wind) 
w  =  vertical  velocity 
T  =  temperature  of  the  fluid 

Cp  =  heat  capacity  of  the  surrounding  air,  at  constant  pressure 
Qh  =  heat  flow  rate  (logically  related  to  the  velocity,  u,  according  to  equation  (3.19)) 
(the  "ex"  indices  refer  to  the  fluid  outside  the  cloud) 

Equation  (3.16)  is  derived  from  the  conservation  of  momentum  and  equation  (3.17)  from  the 
conservation  of  potential  temperature. 


We  immediately  observe  that  the  dependence  on  u  (outside  wind  velocity)  raises  a  major  physical 
problem  when  u  is  zero. 


However,  this  solution  does  make  it  possible  to  obtain  the  following  : 

-  in  a  neutral  layer  ; 

3Fo  2  3Fmo  ro  a  ./,  ro 
z(t)  =  (^- 1"  + 

2y  u  y  u  y  y 

-  in  a  stable  layer  : 

3Fino  r  3Fo  r  ro  »  ro 

z(t)  =  (~YT-§midst)+— — (l-cos(Vst))  +  (— )  )  -  — 

y  Vsu  y  SU  y  y 


(s  =  0)  (3.21) 


(s>0)  (3.22) 
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It  should  be  noted  that  these  equations  are  obtained  by  assuming  that  at  the  initial  moment,  Fo  and 
Fmo  must  be  independent  of  u.  Briggs  therefore  rewrote  equations  (3.19)  and  (3.20),  replacing  uo 
with  wo,  showing  a  realistic  dependence  on  the  initial  velocity  that  is,  in  fact,  purely  vertical; 


Fo  =  g. - .wo.ro  (3.23) 

0ex 

Fino  =  wo\o^  (3.24) 

In  this  case,  integrating  equations  (3.16)  and  (3.17),  where  u  =  constant  in  each  layer  of  the 
atmosphere,  produces  equations  (3.21)  and  (3.22).  These  have  the  advantage  of  showing  a  simple 
dependency  of  the  altitude  expressions  on  the  wind  velocity.  However,  as  has  already  been  mentioned, 
this  dependence  is  inconvenient  in  that  the  results  tend  to  diverge  when  wind  velocity  is  low. 

Another  solution.  Another  solution  may,  apparently,  be  put  forward  for  the  momentum  conservation 
equation  (3.13). 

Assuming  that  the  discharge  does  not  rotate  (no  vorticity),  equation  (3.13)  becomes  : 


p.grad - =  Pi  -  gradp 


(3.25) 


By  integrating  on  the  surface  S  =  represented  by  the  intersection  of  the  plume  with  the  horizontal 
plane  at  altitude  z,  equation  (3.25)  may  then  be  expressed  as  : 


0(1/2(u^  +  w2)) 


j  g(P  -  pex)dS 


where  u  and  w  are  the  horizontal  and  vertical  components  of  the  velocity,  respectively. 

As  the  characteristics  of  the  fluid  are  assumed  to  be  constant  across  the  entire  surface  S,  the  first 
element  may  also  be  expressed  as  ; 

f  B(1/2(u2  +  w2))  d(l/2(u^+w^)  f 


(3.27) 


d(J  dS) 

(the  term  in  p — ^ - is  negligible  if  the  cone  has  a  small  angle). 

dz 


This  gives 


d(l/2(u^ +w^)r^)  p-pex  2 

- =  g. — - — r 

dz  P 


(3.28) 


d(l/2(u^  +  w^)r^)  p-pex  2 

- =  g. - W.r 

dt  P«x 


(3.29) 
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d(l / 2(u^  +  )r^ ) 


gQ« 


dt  JipexQiTex 

where  is  now  the  rate  at  which  the  heat  crosses  the  surface  Tir^  at  velocity  w. 


(3.30) 


Lastly,  the  momentum  conservation  equation  is  expressed  as 

dt 

with  the  following  parameters: 

=  1  /  2(u^  +  )r^ 


^  =  F  = 


gQw 


ICpexCpTex 


(3.31) 

(3.32) 

(3.33) 


s.Fm 


(3.34) 


The  energy  conservation  equation  found  by  Briggs  'P 

dF 
dt 

may  be  described  in  physical  terms  as  a  friction  that  absorbs  the  buoyancy  force.  Experience  has 
shown  that  it  is  a  good  description  of  reality  at  the  level  of  interest  in  this  case.  It  may  be  expressed 
as: 

dS 

- -  “S.c7in 

dt 


(3.35) 


Summary  of  the  model.  Three  equations  are  used  to  build  a  simple  model  of  the  phenomenon: 


-3 

dt 

(3.36) 

d^  y 

dt 

(3.37) 

r  =  ro-f  y.z 

(3.38) 

with  the  following  parameters; 

=  l/2(u^  +  w^)r^ 

(3.39) 

3-f- 

TEpeiCpTei 

(3.40) 

where  is  the  heat  flow  crossing  the  intersection  of  the  plume  with  a  horizontal  plane  at 

local  vertical  velocity  w,  and  u  represents  the  velocity  of  the  fluid  in  the  horizontal  plane, 
corresponding  to  the  atmospheric  wind  velocity  at  the  altitude  under  consideration. 

By  solving  this  system,  the  following  equations  are  derived,  giving  the  equations  for  the  change  in 
altitude  z  over  time  : 

((^(t))"  +u^)(ro+r.*(t))'  =  2f{t) 
at 

(3.41) 
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where  the  function  f(t)  is  equal  to  ; 


-  in  the  case  of  a  neutral  atmosphere  (s  =  0) 

f(t)  =  ^o.t  +  ^mo 

-  in  the  case  of  a  stable  atmosphere  (s  >  0) 


f  (t)  =  (^mo.cosf-s/st) 


Jo  . 

+  -r-.sinj 

Vs 


(3.42) 

(3.43) 


The  case  of  an  unstable  atmosphere  (s  <  o)  theoretically  indicates  an  increase  in  the  buoyancy  force. 
However,  in  our  situation,  the  phenomenon  whereby  outside  air  is  drawn  into  the  plume  tends  to 
counterbalance  that  effect.  This  case  is  therefore  treated  as  a  neutral  atmosphere.’^ 


Examples  of  Results 

The  graphs  below  (Figures  1  -  4)  show  the  behavior  of  the  Briggs  and  CAEPE  models,  respectively. 
These  graphs  have  been  obtained  for  the  usual  type  of  plume  produced  on  our  scale,  where  the  initial 
data  are  on  the  following  scale  : 

Fo  =  20,000  m^s"^ 
ro  =  10  m 
wo  =  15  ms'^ 

The  same  drawing  coefficient  (7  =  0.5)  was  used  to  test  both  models. 

The  curves  in  Figures  1  and  2  show  the  influence  of  the  wind  in  a  neutral  case  (s  =  0) 


Figure  1.  Neutral  atmosphere,  Briggs  model  Figure  2.  Neutral  atmosphere,  CAEPE  model 
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and  the  curves  in  Figures  3  and  4  describe  a  similar  case  with  a  stable  atmosphere  (s  =  0.05  s"^) 


Figure  3.  Stable  atmosphere,  Briggs  model  Figure  4.  Stable  atmosphere,  CAEPE  model 
This  comparison  demonstrates  the  following  types  of  behavior  ; 

-  On  the  same  basis  in  a  single-layer  atmosphere,  the  CAEPE  model  always  gives  a  stabilization 
altitude  (in  a  stable  case),  or  an  altitude  at  a  given  time  (in  a  neutral  case),  lower  than  that  of  the 
Briggs  model,  although  the  variation  equations  are  fairly  similar.  (Because  of  differences  in  w 
variation,  note  that  it  is  impossible  to  affirm  such  conclusions  for  multi-layer  atmosphere  cases). 

-  A  very  interesting  aspect  of  our  model  is  to  give  variable  stabilization  times  according  to  the  wind 
velocity.  These  times  are  always  shorter  than  those  obtained  using  the  Briggs  model.  This  point 
correlates  very  well  with  our  experience. ^ 

-  The  case  where  there  is  no  wind  is  obtained  normally.  The  known  divergence  from  the  Briggs  model 
at  low  wind  velocities  is  therefore  eliminated. 

-  Finally,  the  initial  data  are  naturally  dependent  on  wo  and  the  wind  at  ground  level  (Brigg's 
assumption  that  uo  =  wo  is  not  necessary)  and,  whatever  the  wind  at  ground  level,  the  slope  at  the 
origin  of  the  altitude  variation  equation  is  in  keeping  with  the  initial  vertical  velocity,  wo. 

A  comparison  with  experimental  observations  was  presented  in  a  previous  article.^  It  was  established 
that,  in  the  new  model,  calculations  were  coherent  with  all  experimental  results,  even  in  cases  that 
were  incompletely  described  by  the  Briggs  model.  The  proposed  equations  would  seem  to  provide  an 
accurate  macroscopic  description  of  the  way  the  plume  of  exhaust  fiimes  moves  through  an 
atmospheric  layer  of  given  stability.  It  is,  therefore  ,  important  to  model  a  series  of  sufficiently  thick 
layers  so  that  these  good  equations  are  not  only  used  in  the  vicinity  of  the  origin.  Current  research  is 
aimed  at  dividing  the  atmosphere  into  appropriate  layers,  using  simple  crit^a,  on  the  basis  of  data 
collected  by  the  on-site  radiosonde. 
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Diffusion  Phase 


Once  the  plume  of  exhaust  fumes  reaches  its  stabilization  altitude,  or  the  vertical  velocity  becomes 
much  lower  than  the  horizontal  velocity,  the  air  absorption  phenomenon  analyzed  in  the  previous 
paragraph  becomes  negligible,  by  comparison  with  those  of  turbulent  diffusion  and  drift. 

These  phenomena  are  then  described  by  the  general  diffusion  equation.  Work  in  this  field  has  been 
carried  out  by  ONERA  and  a  summary  of  the  assumptions  is  included  in  our  previous  article. 

By  applying  this  cloud  model,  and  including  a  rain  parameter,  it  is  possible  to  forecast  the  risk  of  acid 
rain. 


Rain  Parameter 

The  effluent  cloud  is,  in  fact,  a  ternary  mixture  of  alumina,  hydrochloric  acid  and  water,  with  a  highly 
complex  evolution. 

The  research  carried  out  by  ONERA  has  made  it  possible  to  develop  an  elaborate  calculation  code  for 
modeling  the  formation  of  a  liquid  phase  in  the  cloud.  ^  This  is  calculated  on  the  basis  of  the  quantities 
of  water  present  (from  the  combustion  process,  injected  deliberately,  and  in  the  atmosphere  absorbed 
by  the  cloud)  and  the  degree  of  risk  of  the  formation  of  a  liquid  phase  in  the  mixture. 

The  possibility  of  nucleation  followed  by  growth  of  the  aerosol  thus  formed  have  also  been  studied. 
The  equations  used  to  calculate  growth  are  derived  from  those  of  Fukuta  and  Walter. 

As  a  result,  the  time  required  for  the  calculation  is  rather  long,  making  it  unsuitable  for  operational 
use. 

With  the  help  of  this  code,  observations  made  on  a  small-scale  model,  and  the  results  of  tests  carried 
out  at  the  CAEPE,  a  set  of  criteria  for  the  development  of  acid  rain  has  been  developed. 

The  areas  at  risk  are  then  located  on  a  map.^^ 

NOISE  POLLUTION 

Although  the  risk  of  acid  rain  is  the  major  concern  of  the  test  manager,  a  certain  amount  of 
unavoidable  noise  pollution  is  also  generated  during  static  tests  of  rocket  motors.  Although  it  does  not 
last  very  long  (usually  on  the  order  of  one  minute),  this  may  cause  considerable  nuisance. 

Once  again,  it  is  necessary  to  analyze  the  interaction  with  the  environment  in  order  to  make  a  realistic 
forecast.  This  is  due  to  the  fact  that  certain  atmospheric  conditions  (wind,  temperature)  set  up 
acoustic  focus  zones.  The  noise  levels  in  these  zones  may  be  as  high  as  1 50  dBa  at  some  considerable 
distance  from  the  source  (several  hundred  meters). 

The  model  used  at  the  CAEPE  is  based  on  research  carried  out  at  the  Saint-Louis  Franco-German 
Institute.  Only  the  main  characteristics  are  presented  in  this  article.  12-14  The  calculation  is  based  on 
the  phenomenon  of  acoustic  energy  being  carried  by  sound  waves,  as  identified  by  ray  trajectography. 

The  acoustic  intensity  is  calculated  for  focus  zones  by  making  use  of  the  phenomenon  of  energy 
conservation  along  elementary  tubes  based  on  the  acoustic  rays. 2 

The  intensity  is  then  corrected  for  atmospheric  absorption  phenomena  (affected  by  humidity) 
according  to  AFNOR  tables.  1^ 

The  CAEPE  provided  noise  forecasts  for  the  first  launches  of  the  ARIANE  V  solid-fueled  rocket  at 
Kourou.  Table  1  and  Figure  5  show  the  iso-intensity  graphs  (100  dBa  and  80  dBa)  as  well  as  the 
correlation  between  the  measured  intensity  and  calculation  results  at  several  significant  points. 
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Calculation 

Results 

Measured 

Intensity 

1250  m 

900 

103  dB 

106  dB 

4250  m 

30^ 

79  dB 

70  dB 

5300  m 

60" 

73  dB 

52  dB  (*) 

7650  m 

225" 

100  dB 

70  dB  (**) 

9500  m 

115" 

58  dB 

60  dB 

14.1  km 

255" 

76  dB 

53dB(**) 

15.2  km 

90" 

Backgr.  noise 

63  dB 

15.7km 

o 

o 

85  dB 

53dBC*) 

29.2  km 

300" 

Backgr.  noise 

60  dB 

30.0  km 

240" 

Backgr.  noise 

63  dB 

(*)  building  mask. 

(**)  reducing  effect  of  tropical  forest 


Table  1.  Table  of  results 


Figure  5.  Example  showing  mapping  of  acoustic 
levels  (forecast  for  short  dry  season) 


CONCLUSION 

In  view  of  the  necessity  of  updating  their  calculation  codes,  the  CAEPE  recently  revised  their  research 
on  exhaust  plume  models.  A  model  derived  from  the  Briggs  system  would  currently  appear  to  provide 
very  realistic  results. 


Further  testing  will  be  required  to  confiim  the  validity  of  this  model,  which  has  the  advantage  of 
compensating  for  the  inadequacies  of  the  Briggs  model  in  certain  special  cases,  while  the  results  are 
otherwise  fairly  similar. 


As  they  have  been  in  use  for  several  years  under  a  wide  r^ge  of  meteorological  conditions,  the 
CAEPE  simulations  have  reached  a  good  level  of  maturity,  both  in  estimating  the  formation  of  acid 
rain  and  the  problem  of  noise  pollution,  and  this  is  by  no  means  their  only  advantage. 
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COMMENTS 

Dr.  Robert  R.  Bennett,  Thiokol  Corporation: 

1)  Does  the  computer  code  presented  predict  ground  concentration  of  exhaust  species?  If  yes,  do 
you  have  examples  of  any  field  data?  2)  How  were  exhaust  cloud  heights  determined?  3)  Are  all 
static  tests  vertical?  Does  it  matter?  4)Do  you  have  further  plans  for  field  validation?  5)  Will 
model  be  available  for  others  to  use? 

Author’s  Replies: 

1)  At  the  very  beginning,  the  code  was  able  to  perform  such  predictions  (in  fact  just  as  REEDN 
does).  But  during  the  validation  phase  (1978)  it  was  decided  to  use  rain  criteria  which  were 
expected  to  be  more  significant  according  to  our  problem.  Thus  the  code  calculates  parameters 
according  to  whether  acid  rain  is  present  or  not.  Our  go/no  go  test  criterium  became  rain/no  rain 
criterium  over  definite  zones  in  the  neighborhood. 

2)  They  were  determined  by  trianguiation  and  in  some  cases  by  direct  measurement  with  the  help 
of  an  airplane  altimeter.  Thus  trianguiation  technique  was  shown  to  be  quite  correct. 

3)  The  code  uses  the  assumption  that  the  initial  velocity  of  the  exhaust  is  purely  vertical.  But  it 
does  not  mean  that  the  test  must  be  vertical.  Indeed  the  aerodynamic  configuration  of  every  test 
site  imposes  free  vertical  velocity  at  the  exit  of  the  test  bench  (thanks  to  deflector). 

4)  On  one  hand  our  go/no  go  criterium  imposes  that  no  rain  could  occur  over  specific  zones. 
Therefore  ground  concentration  of  exhaust  species  is  not  interesting  for  our  studies.  On  the  other 
hand  stabilisation  validation  must  be  carried  on.  Present  work  deals  with  atmosphere 
stratification. 

5)  Calculations  could  be  done  with  external  radiosondage. 
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ON  THERMOCHEMICAL  CHARACTERISTICS  OF  APyNSAN/HTPB 
COMPOSITE  PROPELLANTS 


Ani6jo\  Lais  and  Oet^vk 

1  -  National  Instttirte  of  and  IndiKtrial  Tc^dimbgy,  Az.  dos  L2Bnesx>s  Est  Pa90  do 

Lumiar  -  1699  Lisboa  Codex,  Porti^al;  2  -  L^r^ory  of  l^a^ctic  and  Dctomc  -  3150,  Condeixa, 

Poiti^al 


ABSn^CT.  The  first  part  of  the  work  coiKcmed  the  evahiafion  of  the  ^viromnental  myaft  of 
ammonia  perchtorate  /  non-staialiscd  amraorman  nitrate  /  l^oxyl  tanked  pol^nitadieiie 
con^xjsrte  |M-opellants  and  dctemfinMion  the  HCl  concemration  in  the  combustion  |MX>ducts  of  the 
l^pella^.  The  results,  oteined  by  electrometry  smd  prec^}itMk)n  tkr^ion,  w^  con^sar^  whh 

those  obtah^  wth  a  numerK  co<fe  that  altows  to  conskte- iq)  to  m  (m  <  20)  reactmg  atoimc  axjdes 

and  ^  possibility  of  formation  of «  («  <  40)  cheimcal  conqxments,  by  con*mation  of  the  jw  atomkj 
species,  Ttere  is  g^d  correlation  betwmi  ^qia-knemal  and  theoretical  values.  The  mfli^nce  of  non- 
-staWfised  ammonium  ntee  content  on  Bnear  recession  r^es  of  the  propellairts  was  assessed.  The 
eiqjerhnei^  results,  obtaii^  in  a  classk  Crawford  bomb  1^  foe  fiise  wires  method,  alfowed  foe 
<fotennination  of  tte  Vr  (P)  evolution  of  the  fonmlations.  Tbs  Coition  delay,  Tj,  of^  fonmilations 
also  studied.  Small  test  sanqifes  of  foe  propelkirts  were  sutohtcd  to  r^Mve  heat^  m  an 
ekctrM  furnace.  The  ignition  instant  was  determmed  by  the  ^miftmieous  oMah^m^  of  a  diaip 
of  the  oi^ut  of  a  foernKicoiqjle  a  mmtaim  surfoce  taiqicr^ure.  The  amfysk  of  foe  results 

showed  that  mcreasng  weight  coment  of  non-stabflised  ammonimn  nitrate  origtees  shorter  vahies 
of  Ti.  Fi^  imeii^et^n  show^  fo^  foe  cvohitfon  of  to  xj  could  be  dcscr&ed  to  tmy  Knear 
^  tr^J^n  tCTqjer^ures  betwe^  Phases  w^c  calculated,  mid  the  resuks  obtamed 
^wed  tte  partM  substtebn  of  auHnormnn  percMome  by  non-statoHsed  ammonium  nterte 
increased  the  domain  of  occiBience  of  homogeneous  igniriAn 


1  -  INTRODUCTION 

utiJis^n  of  rocket  motors  in  non  -  mOhaty  utOisatnns  has  put  increased  lugeiKy  is 
the  ^elopmemt  of  tow  polluting  propulsive  con^xwntions,  that  simukaneou^  raese®  lediKed 
sensamty  to  stow  and  fist  cook-of  and  shock  gewsratii*  ainnifi  [1,  2,  3],  As  the  esdiaua  gases 
resulting  from  the  combustion  of  ammonium  percUorate  based  (AP)  composfre  }nx>pellants  mchato  a 
^e  aimunt  of  ^ogen  chloride  and  oth*a-  chtorfae  components  wWch  are  the  main  somce  of  l%h 
levels  of  toxrcity  for  most  Bvkig  fonm  mid  equgimMt  conoston  damages,  partial  grfy^trinn  of 
an^mum  perchlorate  by  non-stabOised  ammontomnittate  (NSAN)  is  undw  study  at  the  Laboi^my 
of  EnCTgctic  and  Detonic  [4, 5, 6,  7],  The  use  ofNSAN  is  not  free  of  problems.  Nevertheless,  its  tow 

sensitivity  to  infract  and  ffictton  and  foe  absence  of  chtorine  in  its  coB^XMfikm,  make  dm  coiqxinM 


an  attractive  oxidiser  candidate,  namely  for  those  applications  where  increased  insensitivity  and  a 
significant  reduction  of  the  emissions  of  acid  coirpounds,  specially  HCl,  are  of  concern  and  high 
specific  in^ulse  is  not  a  determining  parameter.  This  work  concerns  the  influence  of  increasing 
NSAN  weight  content  on  the  conq>osition  of  the  combustion  products,  linear  burning  rates  and 
ignition  characteristics  of  AP/NSAN/HTPB  con^wsite  propellants. 


2  -  PROPELLANTS  COMPOSITION  AND  PREPARATION 

All  the  con^sitions  were  formulated  with  80  %  weight  of  solid  oxidant  charge  and  20  %  weight  of 
bulk  (pre  pofymer,  plasticizer  and  curing  agent)  binder  system.  The  cases  of  0  %,  to  80  %  of  non- 
stabilised  ammonium  nitrate  weight  content,  of  the  total  solid  oxidant  charge,  were  assessed  in  this 
work  (Table  1). 


Table  1 

Weight  Conqx)sition  of  the  Propellants 


PROPELLANT 

COMPOSITION  {•/.  wt) 

Cl 

80  AP  /  20(HTPB  +  IPDI  +  DOA) 

C2 

72  AP  /  8  NSAN  /  20  (HTPB  +  IPDI  +  DOA) 

C3 

64  AP  /  1 6  NSAN  /  20  (HTPB  +  IPDI  +  DOA) 

C4 

56  AP  /  24  NSAN  /  20  (HTPB  +  IPDI  +  DOA) 

C5 

48  AP  /  32  NSAN  /  20  (HTPB  +  IPDI  +  DOA) 

C6 

40  AP  /  40  NSAN  /  20  (HTPB  +  IPDI  +  DOA) 

C7 

32  AP  /  48  NSAN  /  20  (HTPB  +  IPDI  +  DOA) 

C8 

24  AP  /  56  NSAN  /  20  (HTPB  +  IPDI  +  DOA) 

C9 

1 6  AP  /  64  NS  AN  /  20  (HTPB  +  IPDI  +  DOA) 

Compositions  containing  AP  only  were  bimodal  with  a  50  %  fine/coarse  weight  proportion  of  the  AP 
particles,  but  in  the  formulations  including  NSAN  the  conqxjsitions  used  were  trimodal,  with  the 
same  fine/coarse  AP  weight  compositioiL 

The  particle  size  distribution  curves  of  both  oxidisers  were  established  by  Laser  Difi&action 
Spectrometry.  The  particle  sizes  presented  in  Table  n  were  obtained  Ity  sieving  and  kept  at  333  ±  5 
Kand  11  ±2  %  relative  humidity  for  the  propellants  formulations. 


Table  2 

Particle  Sizes  Used  in  the  Formulations 


APfine 

45  <  d^p  <  90  |im  I 

AP  coarse 

NSAN 

The  propellants  were  obtained  by  mixing  under  vacuum  at  333  K  in  an  anchor  blade  type  mixer,  cast 
in  small  boxes  (100  mm  x  50  mm  x  30  mm)  and  cured  at  333  K  for  five  days.  The  test  ssanp]es  were 
cut  fiom  the  cured  propellant  blocks  and  its  uniformity  was  verified  by  optical  microscopy  atid  bulk 
density  measurements  of  the  various  strands. 
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3  -  ENVIRONMENTAL  IMPACT 


Experimental 

For  the  analy^  of  the  mflueoce  of  the  NSAN  cx>nteiit  of  the  propellas^s  on  the  gk)ba]  ackhty  of  tiie 
combustion  produt^,  anall  san^xics  (1*20  x  lO-^  kg)  of  con^sitbns  Cl  to  C7  w^e  ^ed,  by 
n^ans  of  electrically  heated  coifed  wfee,  iu  a  closed  combustion  dumber  that  l»eviousfy 
&jdied  with  nitrog^  (Figure  1).  Aflar  con^lete  conitnistion  of  the  san^fe,  the  gaseous  mixti^  of 
tte  ^mbustion  |M:odiK:ts  was  transfeiml  to  a  sealed  resm^fe,  luxia*  vacumn,  coittaiimig  100  ml  of 
bi-distilfed  water.  An  aqueous  sohitfen  was  obtan^  mechanic^  aghation  of  the  coi^ainer.  All  the 
experiments  were  made  at  atnxisphmc  i^^ssure  (P^2^\(P  Pascal). 

The  measure  of  tte  HCl  concentration  and  of  the  global  acidj^  of  the  sohition  of  the  conibu^ion 
products  was  i^e  by  titrhiietric  and  etectrometrfe  anaiyris.  Precqtitatfen  tkr^n  -  su^ntimetric 
process,  according  to  the  Mohr  procedure,  was  used  for  measmes  concaning  HCl  onfy.  The  soktfen 
of  tte  combustion  products  was  neutralised  with  a  NaOH  sohrtfen  (0.01  M).  For  the  jm^^hation 
thration  an  AgN03  solution  (0.01  M)  and  a  K2Cr04  sohitkm  (0.005  M)  as  indfe^or  was  used. 


1  -  COMBUSTION  CHAMBER 

2 - 100  V  DC  CAPACITOR 

3-  PRESSURE  TRANSDUCER 

4 - POWER  SUPPLY 

5-  THERMOCOUPLES 
§-  OSCILOSCOPE 

7-  PERSONAL  COMPUTER 

8-  GAS  SAMPLING  RESERVOIR 

9-  DILUTION  FLASK 
10~  VACUUM  PUMP 
II-N2  PRESSURE  SYSTEM 


Figure  1.  Enviroimsa^  in^^  ^  HCl  conc^ration.  E3q>mma:tal  ^^par^. 


The  results  obtained  (Figure  2)  show  the  eiqiected  decrease  of  the  HCl  concentr^n  wititi  the 
increase  of  NSAN  conteitf  of  the  {ffopeltots.  The  imxmium  ami  minmmi  values  mcasin*ed,  6.64 
and  2.62  moles  of  HCl  per  kg  of  jwopellam,  were  obtained  for  compo^fens  Cl  ai^  C7,  respective^. 
AMetrohmpH  meter  with  a  glass  electrode  was  used  for  the  efectrometric  nKastues.  The 
of  global  [H'*']  values  of  the  solutions  alfewed  us  to  cafeul^e  in  eadi  case  the  correspondent 
acidity  (F^ure  3).  Assuming  tl^t  the  formation  of  HCO3  ®  sohrtion  of  the  cordmstion  products 

was  the  onfy  chemical  mechamsm,  along  with  the  pres^  of  HCl,  with  a  s^iifejmit  contributbn  to 
the  global  values  obtained,  cmhon  dioidde  was  ehmmated  ftom  the  initial  sohrtion  for  the 
measuremraits  concerning  HCl  concemiations. 

A  decrease  of  both  global  acidhy  and  HCl  ^msrions  was  observed  with  the  mcrease  of  the  NSAN 
content  of  the  contritions.  The  reductfon  of  the  global  acidity  of  the  solmions  was  almost  constant 

m  aU  cases  represeming  20  %  of  the  m&iaL  As  e^iected,  the  rnaxmum  vahies  measu^ 

were  obtamed  for  contsitions  Cl  and  C7,  respectively: 
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[H+]ci=2.18  X  10'^  g  dm-3 
[H+]c7=  1.09  X  10'^  g  din-3 
[moles  HCl/kg  propJcr  ^^l 
[moles  HCl/kg  proplCT"^ 


[•/•INSAN 

Figure  2.  HCl  concentration,  as  a  function 
of  NSAN  content. 


C  10  20  30  iO  50  60  70 

IV.  I  NSAN 


Figure  3.  Global  acidity  of  the  solution  of  the 
combustion  products,  as  a  function 
of  NSAN  content. 


Theoretical 

The  theoretical  prediction  of  the  composition  and  thermodynamic  properties  of  the  gaseous  mixtures 
of  the  combustion  products,  for  isobaric  adiabatic  conditions,  was  m^e  using  the  THOR  code  [8]. 
This  code  allows  to  consider  up  to  m  atomic  species  (m^O)  and  the  possibility  of  formation  of  n 
(n^O)  reaction  products  by  combination  of  these  atomic  species.  Among  the  n  chemical 
components,  m  are  considered  basic,  as  they  constitute  the  starting  composition  for  the  calculations. 
The  selection  of  the  m  components  depends  on  the  equivalence  ratio,  related  to  stoichiometry,  of  the 
initial  reacting  mixture,  and  they  should  be  those  which  are  expected  to  have  a  more  significant 
concentrations  in  the  combustion  products  mixture.  The  species  mass  balance  yields  a  linear  system 
involving  m  equations,  the  remaining  n-m  equations  needed  to  solve  the  problem  are  obtained  using 
the  method  of  Lagrange  multipliers  or  the  equilibrium  constants.  In  order  to  calculate  the  chemical 
concentrations  of  the  n  components,  for  given  Pq  and  Tq  initial  conditions,  the  system  composed  by 
the  m  basic  components  is  solved  and  one  or  more  possible  components  are  added  with  optimisation 
of  the  relative  concentration  inside  the  group  related  to  the  same  atomic  species,  for  the  minimi  im 
value  of  the  Gibbs  fi*ee  energy  G=S  xj^q,  with  the  free  energy  of  each  component  expressed  as 
Mi^oiW+RTlnP+RTln  (xj).  The  values  of  Goi(T),  are  obtained  from  the  JANNAF  Tables  and  from 
the  polynomial  expressions  of  Gordon  and  McBride  [9,  10].  The  solution  of  the  con^sition 
problem  involves  simultaneously  the  thermodynamic  equilibrium,  obtained  with  the  mass  and  species 
balances,  the  equilibrium  condition  (P,T,xi),  the  thermal  equation  of  State  (EoS)  and  the 

energetic  EoS,  related  to  the  inteinal  energy  E=  E  x^  ei(T)+Ae.  The  calculations  of  the  final 
equilibrium  cong)osrtions  and  correspondent  combustion  temperature  were  performed  using  the  ideal 
gas  EoS,  for  isobaric  and  adiabatic  conditions  in  the  pressure  interval  10^  Pascal  <  P  <  10^  Pascal, 
assuming  the  possibility  of  formation  of  CO2,  CO,  H2O,  OH,  N2,  O2,  H2,  NO,  NO2,  H,  N,  O,  NH2, 
HCl  and  CH2  as  reaction  products. 
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Correlation  of  Results 


There  is  a  good  agreement  between  the  values  calculated  with  the  THOR  numeric  code  and  the 
experimental  results  obtained  using  both  techniques  (Figure  2).  The  partial  substitution  of  ammonium 
perchlorate  by  ammonium  nitrate  in  the  oxidant  charge  of  coii5>osite  propellants  reduces  in  a  very 
effective  way  the  emissions  of  acki  conqxinents  during  combustion,  nan^fy  the  formation  of 
hy^ocloric  acid.  The  results  olrtained  emphasise  tl^  contribution  of  carbon  dioxide  to  the  gbM 
acidity  of  the  combustion  products.  Care  must  be  taken  in  eliminating  carbon  dioxide  before 
measuring  the  HCI  values  once  the  acidity  values  of  the  aqueous  solution  of  the  combustion  products 
decreases  significantly,  about  20  %  of  the  initial  values  (Figure  3), 


4  -  LINEAR  REGRESSION  RATES 


Experimental 

The  measurement  of  the  linear  regression  rates  of  compositions  Cl,  C4,  C6  and  C9,  m  d^e  pressure 
range  10^  Pascal  <  P  <  10^  Pascal,  was  made  by  the  classic  fuse  wires  method,  using  a  Crawford 
bomb,  that  was  flushed  and  pressurised  with  nitrogen  to  the  deshed  level,  before  each  test  (Figure  4). 


1- CRAWFOM3  BOMB 

2- 10QV  DC  CAPACITOR 

3-  PRESSURE  TRANSDUCER 

4-  POWER  SUPPLY 
5  -  THERMOCOUPLES 

6- OSClLOSCOPE 

7-  PERSONAL  COMPUTER 
8  -  POWER  SUPPLY 
9-N2  PRESSURE  SYSTEM 


Figure  4.  Vr(P)  measurements.  Experimental  apparatus. 


Propellant  samples  of  formulations  were  tens>erature  conditioned  to  298  ±  3  K  before  testing  The 
strands  of  each  composition  (70  mm  x  10  mm  x  10  mm),  imHiited  with  an  epoxy  resm,  were  ignited 
by  a  resistive  wire  glued  on  its  top  and  a  100  V  DC  discharge  system.  A  pressure  transducer 
connected  with  the  bomb  measured  the  internal  pressure  during  the  combustion  of  the  san^le.  AU 
the  data  (electrical  tension  and  time)  was  registered  in  a  500  Msan^ies/s  oscilbscope  (Tektronix  320 
TDS)  and  transferred  to  a  personal  computer  for  further  analisys  The  results  obtained  (Figure  5) 
show  that  the  values  of  Vr  (P)  decrease  with  mcreasmg  content  of  NSAN. 

The  evolution  of  the  linear  regression  rates  of  the  conqjoshioiB  in  function  of  pressure,  follow  the  De 
Vieille  burning  rate  laws  (Vr  =  a  P”)  shown  in  Table  3.  The  pressure  ejqx)nent  n  and  the  a  constant 
^so  decrease  when  tte  content  of  NSAN  is  increased  showing  a  progressive  pressure  insensitivity  of 
the  formulations'  burning  rates,  for  mcreasmg  NSAN  weight  contents. 
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Table  3 

De  Vieille  Laws  of  the  Propellants 


usssiSQii 

Vr(P) 

Cl 

Vr=  L18P0-48 

C3 

Vr  =  0.74  P  O  'tS 

C4 

Vr  =  0.49  P  O'” 

C5 

Vr  =  0.32  P  0-37 

10  20  30  40  so  M  70  «0  90  100  110 
1*10-5  P 

Figure  5.  Evolution  of  the  linear  regression  rate, 

as  a  function  of  pressure  and  NSAN  content. 


5  -  IGNITION  CHARACTERISTICS 


Experimental 

The  test  sanaples,  cut  from  the  strands  of  compositions  Cl,  C3,  C4  and  C6,  were  circular  pellets  of 
propellant  10  mm  in  diameter  and  0.8  mm  thick.  In  order  to  reduce  the  existence  of  ignition  spots, 
that  would  increase  data  scatter,  the  surfece  of  the  samples  was  rubbed  with  fine  emery  paper  and 
brushed  to  dust  out  any  loose  particles.  The  test  sanqjles  were  conditioned  at  298  ±  2  K  and 
11  ±  2  %  relative  humidity  before  testing. 

The  experimental  apparatus  (Figure  6)  used  in  this  work  for  the  measurement  of  ignition  delays  of 
the  propellants,  in  ambient  air  and  at  atmospheric  pressure,  is  essentially  composed  of  an  electrical 
finnace,  a  pneumatic  system  for  rapid  introduction  of  the  propellant  samples  and  per^heral  devices 
allowing  real  time  control  of  the  process  and  data  acquisition.  The  furnace,  con^sed  of  a  ceramic 
Ignition  chamber,  cylindrical,  115  mm  long  and  65  mm  in  diameter,  heated  by  a  650  Watt  electrical 
element  and  externally  isolated  with  ceramic,  has  a  maxirmim  temperature  of  1573  K.  The 
temperature  of  the  ignition  chamber  is  controlled  by  an  PID  temperature  controller  associated  with  a 
Chromel-Alumel  thermocouple. 

In  order  to  optimise  the  temperature  uniformity,  axial  and  radial  measurements  of  the  temperature 
were  made  inside  the  furnace  using  a  K  type  thermocouple  that  was  displaced  one  millimetre 
between  measurements. 

The  results  of  this  cahhration  process  identified  a  cylindrical  test  zone  (10  mm  high  and  20  mm  in 
diameter),  where  the  maximum  axial  and  radial  temperature  gradients  proved  to  be  always  less  then 
0.05  %  of  the  lower  test  temperature.  During  the  ignition  tests  the  temperature  of  the  measuring 
zone  was  monitored  by  a  shielded  K  type  thermocouple  perpendicular  to  its  axis.  A  pneumatic 
cylinder  was  used  for  the  rapid  introduction  of  the  propellant  samples  in  the  test  zone.  The  test 
samples  were  fixed  to  the  extremity  of  a  thin  wire  isolated  with  Teflon,  that  was  axially  connected 
with  the  piston  of  the  pneumatic  cylinder.  The  length  of  the  wire  is  such  that  at  the  piston  maxinnim 
displacement  the  sample  is  positioned  at  the  centre  of  the  furnace  measuring  zone.  The  time; 
evolution  of  the  surfece  temperature  of  the  sample  was  measured  with  a  78  jam  K  type 
thermocouple.  A  detailed  view  of  the  sample  and  thermocouple  installation  can  be  seen  in  Figure  7. 
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arithmetic  mean  of  the  results  obtained  in  each  case.  This  procedure  proved  that  the  6t2{T)  evolution 
was  linear  and  could  be  represented  by  the  equation: 

6t2  =  53.189  -  0.049  T  (ms)  (5.2) 

and  that  the  mechanical  injection  time  was  Stj  =  38  ±  2  ms. 

Ignition  tests.  The  procedure  to  obtain  ignition  delay  data  started  with  the  radial  displacement  of  the 
injection  system,  followed  by  the  heating  period  of  the  ignition  chamber  up  to  the  desired 
temperature.  The  measuring  thermocouple  was  threaded  trough  the  sanq)le  and  the  pellet  was 
positioned  on  the  support  wire.  Once  thermal  equilibrium  inside  the  finnace  was  attained,  the 
injection  cylinder  was  displaced  to  the  fiimace  axis  and  the  propellant  sample  was  injected  into  the 
measuring  zone  until  ignition  occurred.  The  obtained  data  was  transferred  to  a  personal  conputer  for 
further  analysis. 

As  the  temperature  of  thermal  degradation  of  NSAN  (443  K)  is  significantly  lower  than  the 
correspondent  for  AP  (713  K),  and  in  agreement  with  several  authors,  the  ignition  instant  of  the 
sanple  was  determined  by  the  simultaneous  obtainement  of  a  sharp  rise  of  the  output  of  the 
measuring  thermocouple  and  a  minimum  surfe.ce  temperature,  Tg  >  ..j-  hemg  Tj^^^  the 

melting  temperature  of  NS  AN  [11]. 

Theorectical 

The  ignition  delay  data  obtained  for  the  propellants  is  plotted  in  Figxire  8.  The  ignition  delays,  in 
function  of  tenperature,  were  calculated  using  the  equation: 

Ti(T)  =  Atexp  (T)  -  5ti-  5t2  (T)  (5.3) 

A  first  showed  that,  as  expected,  the  ignition  delay,  xj,  of  all  the  tested  propellants  increases  for 
decreasing  tenperature  levels.  Considering  the  effect  of  the  oxidiser  composition  alone,  it  is  also 
apparent  fi-om  Figure  8  that  increasing  weight  content  of  non-stabilised  ammonium  nitrate  originates 
shorter  values  of  xj  for  the  same  tenperature  levels. 

Further  interpretation  of  the  experimental  data  was  made  considering  a  bulk  analysis  of  the  ignition 
phenomena  ,  that  is,  assuming  a  first  order  rate  controlling  reaction  with  constant  reactants’ 
consumption  during  the  pre-ignition  period  [12].  The  reaction  rate  can  thus  be  correlated  by  an 
Arrhenius  law: 

M  =  K[X]e'^  (5.4) 

where  [X]  represents  the  reactants  concentration,  K  the  pre-exponential  Arrhenius  constant,  T  the 
tenperature  of  the  measuring  zone  and  E  the  activation  energy  of  ignition.  Based  on  the  simple 
assunption  that  the  ignition  delay  is,  in  a  first  analysis,  inversely  proportional  to  d[X]/dt,  Xj  can  be 
expressed 

x.=PeRT  (5.5) 

where  p  is  a  constant,  related  to  the  pre-exponential  Arrhenius  constant,  for  each  formulation.  A  In  Xj 
vs.  1/T  plot  will  thus  originate  a  straight  line  expressed  by  the  equation 

lnxi=lnp  +  ^  (5.6) 
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Tlte  af^lication  of  tbis  type  of  analysis  to  the  e)q)aiine^al  results  slK>\¥ed  tMt,  in  all  fommlations, 
the  evohitbn  of  hi  tj  =  In  Tj(l/T)  presetted  m  feet  a  discozAuity  mid  couM  be  desoib^  m  two 
In^ar  Phases  (FigiBre  9),  with  different  values  of  the  activation  enmgy  md  p  fector. 

As  tl^  calculated  values  of  the  activatbn  for  Phase  I  of  the  evofetion  In  Tj  =  to  xi(l/T)  are 

always  mfenor  to  those  of  Hiase  n  (TaMe  4),  and  keeph^  to  nmid  thto  homogm^us  gas  phase 
reactions  general^  occur  at  higher  tCT^ierattffes,  with  h%h  levels  of  activ^n  energy,  whereas 
heterogeneous  reactions,  wtoi  towm*  activation  enmgy,  pr^onmmte  at  tower  tenpo'atures,  this  type 
of  evolution  seems  to  indicate  that  tte  ^totton  mechmifem  of  AP/NSANTHIPB  conpodte 
jn'opeDmits  is  stroi^ly  dqiendmit  on  the  heathy  r^e,  corre^iondtog  Pb^  I  to  tiie  occurrence  of 
heterogeneous  %nition  reaettons  wirile  toimogmieous  gas  pl^se  igrtoion  ructions  are  characteristic 
of  Phase  H  [14]. 

The  trmisition  tenp^atmes  (T^j)  betw^n  Phases  I  and  II  were  catoutoted  snlvtog  the  sy^em  of 
equations  formed  by  the  polynonhal  regressbn  of  the  ^(pernncmtal  resuks,  as  hetonging  to 

each  phase.  The  re^ilts  obtained  (Tabito  4)  ctom^  show  tite  partito  sub^toition  of  ammarmim 
perchlorate  by  of  non-sttoiOised  ammonium  mtrate  to  the  prop^^s'  tormul^ton  diifts  the  tramitton 
tenperature  to  lower  levels,  tocr^sir^  to  tins  way  the  don^to  of  occunmKe  of  bouKig^ieoi^ 
igedtioa 


Figures.  Experimental  results.  Evohtoon 
of  Ti(T)  of  the  propeQmxts. 


Defitotton  of  Pha^  I  mid  H. 


Table  4 

Calculated  Values  of  E  and  p  for  Ih^es  I  and  n  and  Tranritton  Tmnperatur^  Between 
Heterogeneous  mid  Homogmieous  Igmtton  Meclmni^ 


PROPELLANT 

BB3RH 

Pi 

(s) 

(kJ  moh^) 

m 

33.6 

0.86*10-l 

43.3 

1.90*10-2 

767 

24.6 

3.59*10-1 

41.8 

2.07*10-2 

726 

14.2 

1.96 

44.4 

1.77*10-2 

727 

1 _ C4 

13.6 

2.05 

47.0 

0.85*10-2 

730 
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The  values  of  the  activation  energy  and  of  the  experimental  fector  p  are  also  affected  by  the  presence 
of  NSAN  (Table  4).  In  feet,  for  both  types  of  conqwsite  propellants,  the  calculated  values  present  a 
significant  decrease  of  E  values  of  Phase  I  while  pj  fectors  are  increased.  A  similar  analysis  of  the 
results  obtained  for  Phase  n  shows  that,  after  an  initial  slight  decrement  of  due  to  the  presence  of 
NSAN,  the  values  of  this  parameter  increase,  becoming  superior  to  the  correspondent  of  the 
formulation  with  AP  only.  This  same  type  of  fiinction  can  be  observed  for  the  Pu  fector  which  values 
decrease,  after  a  minimum  value  for  formulations  containing  20  %  NSAN,  becoming  inferior  to  the 
Pn  of  the  formulation  with  AP  only. 


6  -  SYNTHESIS 

All  the  compositions  were  formulated  with  80  %  weight  of  solid  oxidant  charge  and  20  %  weight  of 
bulk  (pre-polymer,  plasticizer  and  curing  agent)  binder  system.  The  cases  0  %  to  80  %  of  NSAN 
weight  content,  of  the  total  solid  oxidant  charge,  were  studied. 

The  first  part  of  the  experimental  work  concerned  the  determination  of  the  HCl  concentration  in  the 
combustion  products.  Small  sanq)les  of  the  formulations  were  ignited  in  a  combustion  chamber, 
previously  flushed  with  nitrogen,  and  the  reaction  products  diluted  in  bi-distiUed  water,  in  order  to 
obtain  an  aqueous  solution.  The  e3q)erimental  values  were  obtained  using  the  classic  processes  of 
electrometry  and  precipitation  titration. 

The  results  obtained  allowed  the  determination  of  the  evolution  of  the  HCl  concentration  and  of  the 
global  acidity  of  the  combustion  products’  solution. 

The  experimental  results  were  compared  with  those  obtained  using  the  numeric  code  THOR  that 
allows  the  calculation  of  the  equilibrium  composition  of  the  combustion  products  of  the  propellants. 
The  final  composition  and  correspondent  conft)ustion  tenperature  were  calculated  using  the  ideal  gas 
E.o.S,  considering  the  possibility  of  formation  of  CO2,  H2O,  N2,  CO,  HCl,  O2,  CH4,  OH,  NO,  H2, 
N,  O,  C,  H,  NH3  and  C^\  as  combustion  products. 

There  is  a  good  agreement  between  the  values  calculated  with  the  numeric  code  and  the  experimental 
results  obtained  using  both  techniques.  The  partial  substitution  of  ammonium  perchlorate  by  non- 
stabilised  ammonium  nitrate  reduces  in  a  very  effective  way  the  emission  of  acid  conponents  during 
combustion,  namely  the  formation  of  hydrocloric  acid. 

The  linear  regression  rates  of  the  propellants  were  assessed.  The  experimental  measurement  of  the 
linear  regression  rate  (Vr),  obtained  in  a  conventional  strand-burner,  allowed  the  determination  of  the 
Vr(P)  evolution  of  the  formulations,  as  a  function  of  non-stabilised  ammonium  nitrate  weight  content 
of  the  propellants. 

The  results  showed  a  progressive  pressure  insensitivity  of  the  formulations'  burning  rates,  for 
increasing  NSAN  weight  contents. 

The  ignition  delay  of  the  AP/NSAN/HTPB  formulations  was  studied  in  the  next  phase  of  this  work. 
Test  sanples  were  submitted  to  radiative  heating  in  an  electrical  furnace,  until  ignition  occurred.  As 
the  temperature  of  thermal  degradation  of  NSAN  (443  K)  is  significantly  lower  than  the 
correspondent  for  AP  the  ignition  instant  of  the  sample  was  determined  by  the  simultaneous 
obtainement  of  a  sharp  rise  of  the  output  of  the  measuring  thermocouple  and  a  minimi  im  surfece 
tenperature,  Tg  >  being  the  mefting  temperature  of  NSAN. 

The  results  obtained  ^owed  that  increasing  weight  content  of  NSAN  originate  shorter  values  of  Tj. 
Further  interpretation  of  the  experimental  data,  assuming  a  first  order  rate  controlling  reaction, 
showed  that  the  evolution  of  In  Tj  =  In  (1/T)  presented  a  discontinuity  and  could  be  described  in 
two  linear  Phases  correspondent  to  the  occurrence  of  heterogeneous  ignition  and  homogeneous  gas 
phase  ignition  reactions,  indicating  that  the  ignition  mechanism  of  AP/NSAN/HTPB  composite 
propellants  is  strongly  dependent  on  the  heating  rate. 

The  transition  tenperatures  (T^j.)  between  the  two  ignition  mechanisms  were  calculated,  and  the 
results  obtained  clearly  show  that  partial  substitution  of  AP  NSAN  shifts  the  transition 
temperature  to  lower  levels,  increasing  the  domain  of  occurrence  of  homogeneous  ignition. 
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COMMENTS 

Dr,  Rme  P^ce4Rodr%nez  -  Can  You  ^sc^ibe  Ae  mt^xied  ^iphc^tiom  for  the  pryalhtT#  systems 
discussed  m  your  pres^itation? 

Ms.  Oetdvia  Frota  -  As  r^rred  in  the  mtroductkm  of  tins  there  is  in  Porti^al  a  ^roi^ 
interest  in  the  devekipm^  of  low  poArth^  propulrive  compositions.  As  the  g^ierahty  of  the  new 
low  poQuth^  oxidizers  stiB  present  high  of  sensitivity  to  both  shodL  and  he^  arnnxmiiim  nitrate 

stifl  is  a  mtwal  candidto  for  tiie  substhution  ofaanmonium  perchkuate.  Ihe  prc^lkots  dfeciT^ed  m 
tins  pqier  are  in  feet  basethie  femxulatkms,  wte^h  ^i^etic  dwacteristics  are  &!xRde  enough  to 
allow  taOoiii^  accordh^  with  the  sp^tications  of  tiie  end  u^. 
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HTPB  -HMX-AP  SYSTEM  FOR  LAUNCH  VEHICLE  APPLICATIONS 
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ABSTRACT:  An  eco-friendly  higher  solid  loaded  HTPB  propellant  with  improved  energetics  has  been  realised  in 
small  scale  by  incorporating  10-20%  by  weight  of  a  high  energy  material  namely,  HMX.  This  propellant  with  88% 
solid  loading  has  given  good  processability,  mechanical  properties  and  reduced  pressure  index.  Pollution  due  to  HCl 
smoke  in  the  rocket  exhaust  is  reduced  by  20  to  30%  by  weight  This  propellant  is  expected  to  give  a  vacuum 
specific  impulse  of 293  seconds  at  an  operating  pressure  of  70  ksc  and  an  area  ratio  of  10.  Sub  Scale  motors  of  2kgs 
size  have  been  successfully  static  tested  to  evaluate  the  performance. 


INTRODUCTION 

Hydroxyl  terminated  polybutadiene  (HTPB)  based  composite  propellant  is  the  present  work  horse  propellant  for  the 
solid  rocket  motors  of  the  Indian  Launch  Vehicles.  This  propellant  has  undergone  various  stages  of  development  and 
qualification  tests  and  is  being  successfully  used  in  the  various  stage  solid  motors  of  Augmented  Satellite  Launch 
Vehicle  (ASLV)  and  Polar  Satellite  Launch  Vehicle  (PSLV).  The  successful  scale-up  and  productionisation  of 
129-toime  booster  motor  of  PSLV,  the  third  largest  solid  booster  and  the  first  largest  operational  HTPB  based  solid 
rocket  motor  has  established  ISRO's  (Indian  Space  Research  Organisation)  capability  in  solid  rocket  technology. 

The  main  constituents  of  this  HTPB  propellant  are  hydroxyl  terminated  polybutadiene  (HTPB)  as  binder, 
ammonium  perchlorate(AP)  as  oxidizer  and  powder  grade  alumi  nium( Al)  as  metallic  fuel  along  with  other  additives 
such  as  plasticizer,  wetting/bonding  agents,  cross  linker,  curatives,  stabilizers,  bum  rate  modifiers,  etc.  The  major 
component  of  the  propellant  is  AP  which  is  present  to  an  extent  of  about  70% .  During  the  propellant  combustion, 
large  amounts  of  HCl  gas  and  other  chlorine  compounds  are  generated  in  the  motor  exhaust.  These  gases  are  highly 
corrosive  and  toxic  in  nature  and  they  form  semi-opaque  clouds  under  humid  conditions.  Durmg  the  firing  of  large 
size  boosters  of  launch  vehicles  such  as  Space  Shuttle  Booster  (503  tonnes)  enormous  quantity  of  HCl  (above  100 
tonnes)  is  produced  and  let  to  the  atmosphere.  This  may  lead  to  "  heavy  acid  rain”  polluting  the  environment  and  also 
cause  depletion  of  the  ozone  layer.  These  aspects  are  a  subject  of  concern  among  the  scientists  in  recent  times, 
eventhough  the  quantities  of  harmful  exhausts  from  rockets  is  orders  of  magnitude  lower  than  that  produced  fi-om 
automobiles.  Efibrts  have  been  made  for  the  development  of  alternate  propellants  which  are  environmental  friendly 
and  are  equally  or  more  energetic  to  meet  the  future  space  requirements. 
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Various  alternatives  have  been  repeated^  to  reduce  the  concoitration  of  harmful  exhaust  products  in  solid 
propellants.  The  use  of  non-HCl  generating  oxidizers  such  as  ammonium  nitrate  (AhJ)  has  beai  thou^t  of.  The 
phase  change  occurring  at  32*^  and  the  low  ox^img  potential  leading  to  lesser  energetics  are  the  inherent  problotns 
with  AN.  Another  approach^  is  to  partially  substitute  AP  with  AN  or  nitramine  compounds  such  as  HMX  (Cyclo 
tetramethylene  tetranitramine)  or  RDX  (Cyclo  trimediylene  trinitraminc)  so  that  the  extent  of  HCl  pollution  can  be 
reduced.  R^nt  literature  reports  use  of  ADbP  (amnKMiium  dinitramide)  and  HNF'^(hydra2anium  nitroformate)  as 
eco-friendly  oxidizers  in  solid  propellants. 

In  this  paper,  we  report  the  development  of  an  environmental  friendly  prt^ellant  bas^  on  HTPB  binder  with 
pamal  substitution  of  AP  by  nitramine  compound,  HMX.  Incorporation  of  10-20%  by  wei^t  of  HMX  reduces  the 
HCl  smoke  by  20-30%  by  wei^t  at  the  smne  time  improving  the  specific  impulse.  The  research  programme  has  led 
to  the  development  of  a  high  performance  eco-fiiendly  propellant  for  future  space  applications. 


EXPERIMENTAL 


Materials 

HTPB  used  in  this  study  has  been  made  in-hemse  by  the  free  radical  solution  polymaization  technique.  Two 
grades  of  HMX  of  average  particle  size  60  and  220  microns  mid  AP  of  40  and  300  microns  wo’e  usol  in  the 
propellant  composition. 

HMX  is  a  high  explosive  generally  used  in  ocplosive  charges.  But  in  solid  propellant,  it  acts  as  a  slow  explosive 
as  it  is  diluted  with  other  propellant  components.  The  charactaistic  feature  of  high  sensitivity  to  fiiction  of  HMX 
is  reduced  by  wet  handling  with  suitable  plasticker.Processing  of  HMX-  based  HTPB  propellant  upto  20%  HMX 
has  been  done  without  any  problem  in  smaller  scale.  Howevo’,  incorporation  of  HMX  b^ond  10%  in  large  scale 
processing  in  tonnage  has  to  be  done  with  adequate  precaution.  is  a  stoichicmictrically  balanced  material 
constituted  of  C,H,N  and  O  and  is  exp^ted  to  give  higher  CTiergy^  release^ 


C4H8NA  4CO+ 4H2O  +  4N2  +  AH 


Performance  Analysis 

Perfoimance  evaluation  of  HTPB  pre^Uant  cemtainmg  HMX  at  concaifration  level  up  to  30%  by  weight  has  b^i 
earned  out  using  standard  computational  programme.  The  effect  of  HMX  leading  cm  HCl  smoke  in  the  motor 
exhaust  and  the  energetics  in  terms  of  specific  nnpulse,  flanK  temperature  and  mean  molecular  weight  of  combustion 
gases  are  shown  in  Fig.  1  ( A  and  B). 


HMX(%) 


Figure  1. 


B 

Effect  of  HMX  on 


A 

A-  Hcl  Smoke  and  FlaoK  Tmperature,  B.  -  Vaemms  Isp  and  MoI.Wt 
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The  figure  shows  that  HCl  smoke  in  the  motor  exhaust  decreases  with  increase  in  HMX  concentration.  Flame 
temperature(Tc)  and  mean  molecular  weight  of  exhaust  gases  (Mw)  show  a  gradual  decrease  as  the  HMX  loading 
is  enhanced.  However  specific  impulse  and  vacuum  specific  impulse  (Isp)  which  are  the  indices  of  energy  content, 
increase  to  the  maximum  level  at  about  20-25%  loading  of  HMX  and  thereafter  show  a  decreasing  trend. 

The  effect  of  HMX  loading  at  0, 10, 20, 25  and  30%  levels  on  HCl  smoke,Isp,Tc  and  Mw  is  shown  in  Table  1. 
It  can  be  seen  that  at  20%  level  of  HMX  where  the  energetics  is  maximum,  a  reduction  of  30%  by  weight  of  HCl 
smoke  in  the  motor  exhaust  could  be  realized.  The  lower  flame  temperature  also  is  advantageous  in  reducing  the  dead 
we^t  of  insulation,  inhibition  etc  of  the  rocket  motor.  The  reduction  in  the  mean  molecular  weight  of  exhaust  gases 
also  improves  the  motor  efficiency.  This  leads  to  a  low  pollution  propellant  with  improved  energetics,  ie.  an  increase 
in  vacuum  Isp  by  4.2  seconds.  The  increase  in  Isp  could  be  explained  by  the  fact  that  HMX  is  a  stoichiometrically 
balanced  material  and  that  the  major  products  of  combustion  are  lighter  molecules  like  CO  and  Hj  which  contribute 
more  towards  propulsive  energy. 


TABLE  1 

Effect  of  HMX  Loading  on  HCl  Smoke,  Isp,  Tc  &  Mw 

Solid  Loading  :  88%  (18%AI) 

HTPB  Binder  :  12% 

AP  +  HMX  :  70% 


HMX 

loading 

(wt.%) 

HCL  content 
in  exhaust 
(wt.%) 

Reduction 

ofHCL 

(wt.%) 

Isp  at  70  ksc 
(sec) 

Vacuum 
Isp  at  70 
ksc  (sec) 

Tc(K) 

Mw 

0 

20.6 

0 

265.0 

288.5 

3613 

28.3 

10 

17.4 

15.5 

266.8 

291.9 

3550 

28.3 

20 

14.6 

30.0 

268.0 

292.7 

3469 

27.3 

25 

13.1 

36.4 

268.1 

292.7 

3417 

26.8 

30 

11.0 

46.6 

267.7 

292.0 

3354 

26.3 

Propellant  Processing  and  Characterisation 

An  88%  solid  loaded  HTPB  propellant  formulation  containing  18%  A1  was  selected  for  this  study.  HMX  was 
incorporated  as  a  partial  substitute  of  AP.The  propellant  ingredients  were  mixed  in  a  3  litre  capacity  sigma  mixer. 
The  processability  of  the  sluny  was  monitored  by  measuring  the  end-of-mix  viscosity  (EOM)  and  viscosity  build  up 
for  a  period  of  3  hours.  The  propellant  slurry  was  vacuum  cast  either  as  cartons  for  evaluation  of  mechanical 
properties  and  strand  bum  rate  or  as  100  mm  diameter  tubular  grains  weighting  about  2  kilogrammes  of  propellant 
for  static  firing.  The  mechanical  properties  of  cured  propellant  samples  were  evaluated  using  dumb-bells  conforming 
to  as™  standards  D-412-68(Type-C)  at  a  cross  head  speed  of  50  mm/minute  at  25‘^C.  The  bum  rate  of  the  cured 
propellant  strands  was  determined  using  Acoustic  Emission  Technique  at  different  pressures  varying  fi'om  30  to 
70Ksc. 
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TABLE  2 

Propellant  composition 


Percentage  by  weight 

1* 

2 

3 

4 

5 

6 

HTPB  +  plasticizer 
+  TDI  +  additives 

12 

12 

12 

12 

12 

12 

AI  (15  microns) 

18 

18 

18 

18 

18 

18 

HMX(  220  micrcms) 

0 

0 

10 

10 

0 

20 

HMX(  60  microns) 

0 

10 

0 

10 

20 

0 

AP  (300  microns) 

56 

48 

48 

50 

50 

40 

AP  (40  microns) 

14 

12 

12 

0 

0 

10 

*  Blank  (without  HMX) 


RESULTS  AND  DISCUSSION 

The  slurry  characteristics  of  HMX  loaded  (20%)  HTPB  propellant  and  blank  are  shown  in  Fig.2. 


Figure!.  Effect  of  HMX  loading  on  slurry  viscosity  for  varioHs  compositious,  ■-!,  ♦-2 

0-3,  A-4,  *-5,  □-6(ref.Table2) 


The  viscosity  build-up  data  of  the  propellant  slurry  in  Fig.2  show  good  processability  with  HMX  loaded  propellant 
and  are  quite  comparable  to  those  of  the  blank. 

The  mechamcal  properties  of  the  as&i  prc^Uant  such  as  tensile  strengA,  elongation,  modulus,  harchiess,  density 
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and  bum  rate  are  listed  in  Table  3 . 


Properties 


TABLE  3 

Effect  of  10-  20%  HMX  Loading  on  HTPB  Propellant  Properties 


Composition 


1* 

2 

3 

4 

5 

6 

Mechanical 

Tensile  strength  (ksc) 

7.6 

7.4 

7.2 

7.5 

8  0 

8  2 

Elongation  (%) 

33 

35 

37 

36 

36 

41 

Modulus  (ksc) 

47 

45 

43 

48 

45 

53 

Hardness  (Shore  A) 

70 

70 

70 

70 

70 

72 

Density  (gm/cc) 

1.800 

1  1,795 

1.795 

1.790 

1,790 

1.790 

Ballistic 

Strand  bum  rate  at  70  ksc, mm/sec. 

6.90 

6.15 

5.90 

5.30 

5.25 

5  50 

Bum  rate  pressure  index  'n' 

0.44 

0.35 

0.34 

0.33 

0.30 

0.31 

Blank  (vsdthout  HMX) 


The  mechani(^properties  of  the  blank  and  the  five  different  formulations  with  different  combinations  of  AP  coarse 
and  fine,  and  coarse  and  fine  show  more  or  less  similar  results.  This  shows  good  manoeuvrability  of  the 
propellant  tonnulation  with  different  particle  sizes  of  AP  and  HMX. 

1  propellant  shows  slower  bum  rate  compared  to  blank  as  seen  fi-om  the  bum  rates  of  1 0%  and  20%  HMX 
^ed  propel]ant_  ^e  effect  of  ^cl^ize  of  HMX  seems  to  be  negligible.  The  bum  rate  pressure  index  was  found 

^  ^  “elting  of  HMX  and  formation  of  meh  layer  of 

rr.'Ta  l  ’  T”®  ^  3  <l«‘=^«ase  in  the  diffusion  me  of 

““*“stion  index  are  mainly  controUed  by  the  diffusion  flame 
^ced  by  ^  deco^rtion  ^cts  of  AP  and  binder^.  PEM  motor  ballistic  performance  of  20%  HMX  loaded 
WB  pre^r^t  IS  sho^  m  Fig.3.  PEM  motor  ts  our  ballistic  evaluation  test  motor  having  100  mm  diameter  and 
200  tnrata^  wrth  a^lar  port  and  propellant  loading  of  2  kilogrammes.  The  thrust  -  time  curves  show  similar 
pMto  wntth  burn  time  for  HMX  propeUant.  The  smooth  combustion  of  HMX-based  HTPB  propellant  has 

been  est^hshedm  this  sub-sc^e  motor.  Scale  up  version  of  this  motor  is  under  way.  The  extent  of  exact  increase 
in  energetics  can  be  assessed  better  with  large  size  motors. 


CONCLUSION 

Devel^ment  of  an  eco-fiiendly  high  performance  propeUant  containing  20%  HMX  was  realized  in  sub-scale 
mixing.  Processabihty  and  mechamcal  properties  are  quite  comparable  to  HTPB  propeUant  (blank).  Bum  rate  and 

»  w/Tk  ^  fomolation  is  expected  to  give 

/o  (by  waght)  reduction  of  HCl  smoke  m  the  exhaust,  improved  vacuum  specific  impulse  by  4.2  seconds  and 
reduction  m  the  flame  temperature  by  1 44  K.  t'  j 
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Figure.  3.  Thrust-Time  profile  for  PEM  motors, - standard,  —  with  20%  HMX 
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1.  ABSTRACT 

A  multidisciplinary  approach  involving  chemistry,  microbiology,  ecotoxicology  and  environmental 
engineering  was  undertaken  by  the  Defence  Research  Establishment  of  the  I)epartment  of  National 
Defence  (DREV/DND)  and  the  Biotechnology  Research  Institute  of  the  National  Research  Council  of 
Canada  (BRI/NRC)  to  characterize  and  to  optimize  the  biodegradation  potential  of  TNT  and  RDX 
in  pure  form  and  in  soil.  The  nature  and  level  of  contamination  by  RDX  and  TNT  in  various  soils 
were  determined  in  an  interlaboratory  study  involving  both  organizations  using  EPA  Method  #  8330. 
Microorganisms  were  isolated  from  the  native  soils  and  found  to  be  capable  of  mineralizing  (  CO2 
liberation)  RDX  under  aerobic  conditions  when  the  latter  was  used  as  sole  nitrogen  source.  RDX 
disappearance  was  accompanied  by  the  elimination  of  toxicity  associated  with  RDX,  as  determined  by 
the  Microtox  test.  Studies  are  underway  to  use  the  isolated  indigenous  strain  as  a  bioaugmentation 
agent  for  future  site  application.  Thus  far  TNT  showed  more  toxic  effects  than  RDX  and  metabolic 
analysis  showed  that  TNT  was  biotransformed  into  the  more  toxic  amine  metabolites.  In  soil  these 
amine  metabolites  react  with  humic  acids  to  give  recalcitrant  and  intractable  products.  To  eliminate 
problems  associated  with  TNT  mineralization  in  soil  we  thus  undertook  a  study  to  first  wash  TNT  out 
of  the  soil  using  several  water  additives  and  then  treat  the  TNT  washings.  Preliminary  data  showed 
that  mineralization  of  TNT  using  sewage  sludge  under  both  aerobic  and  anaerobic  conditions  was 
enhanced  in  the  presence  of  cyclodextrins.  Further  enhancement  in  the  mineralization  rate  of  TOT 
was  obtained  after  subjecting  the  soil  extract  to  photolysis.  In  an  integral  study,  soil  heavily 
contaminated  with  RDX  (2000  ppm)  and  TNT  (1000  ppm)  was  treated  in  bioslurry  reactors 
supplemented  with  sewage  sludge  under  both  aerobic  and  anaerobic  conditions.  The  biological 
performance  of  these  reactors  was  monitored  using  microcosms  spiked  with  ^^C-labelled  TOT  or 
RDX.  Preliminary  data  showed  that  RDX  was  almost  completely  minerahzed.  TOT  rapidly 
disappeared  (biotransformation  to  amino  derivatives)  with  little  mineralization.  The  data  obtained  from 
the  present  aerobic,  soil  washing  and  bioslurry  reactors  studies  wiU  be  used  for  the  development  of 
practical  soil  remediation  technologies. 


§  NRCC  Publication  #  34544 
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2.  INTRODUCTION 

Presently,  contamination  of  soils  by  RDX  and  TNT  and  other  energetic  organonid'o  compounds, 
generated  as  wastes  from  the  munitions  and  defence  industries,  is  a  significant  worldwide 
environmental  problem.  These  compounds  are  mutagenic,  toxic,  and  have  the  tendency  to  persist  in 
the  environment  [1,2].  Incineration  has  been  suggested  as  a  remediation  technology  but  is  considered 
costly  and  may  produce  toxic  chemicals  if  not  carefully  controlled  [3].  Alttwugh  composting  is 
relatively  cheap  and  explosives  disappear  at  relatively  fast  rate,  the  fate  of  these  compounds  is 
complicated  by  the  presence  of  excessive  amounts  of  other  organic  compounds  in  the  compost  [4]. 
Bioremediation  is  considered  to  be  feasible  under  aerobic  conditions  [5],  however,  the  body  of 
literature  reports  indicates  that  a  significant  portion  of  die  explosive  undergoes  biotransformation 
particul^ly  with  TNT.  Biotransformation  leads  to  the  formation  of  toxic  amino  analogs  that  may 
react  with  soil  humic  acids  to  form  covalently-bound  complex  structures  that  are  intractable  and 
difficult  to  mineralize  [6,7].  This  clearly  explains  why  complete  minaalization  (CO  liberated)  of  the 
explosive  is  difficult  to  attain  in  a  soil  environment.  We  have  recently  observed  that  biodegradation  of 
RDX  and  TNT  under  both  aerobic  and  anaerobic  conditions  using  soil  indigenous  bacteria  produce 
mineralization  in  addition  to  other  transformation  products  [8]. 

To  mmiinize  the  problems  associated  with  the  formation  of  such  transformation  products  during  soil 
remechation  and  to  improve  mineralization  we  believe  that  a  soil  pretreatment  process  such  as  soil 
washing  is  necessary .  Thus  soil  washing  of  explosives  using  surfactants  and  cyclodextrins  (CDs) 
will  be  described.  It  is  planned  that  data  obtained  will  be  used  as  part  of  a  joint  soil 
washing/biodegradation  process  for  total  mineralization  of  explosives.  The  present  study  thus 
describes  recent  advances  made  toward  characterizing  and  degrading  RDX  and  TNT  in  soil  using 
multidisciplinary  protocols  involving  chemistry,  microbiology,  ecotoxicology  and  environmental 
engineering. 


3.  EXPERIMENTAL 

3.1  Materials  and  methods 

Lignosol  XD  was  from  Reed  Lignin,  Quebec  (PQ),  Canada;  sodium  lignosulfonate  (Lignisite  458) 
w^  from  Burlington,  Washington,  USA.  S-cyclodextrin,  hydroxypropyl-R-cyclodextrin  (hp-R-CD) 
with  a  degree  of  substitution  (ds)  of  7  hydroxypropyls/cyclodextrin  (American  Maize,  Hammond,  IN), 
methyl-R-cyclodextrin  (Me-5-CD)  (ds  12.6),  sodium  dodecyl  sulfate  (SDS)  and  Tween-80  were  from 
Aldrich,  Milwaukee,  WI.  ‘^C-substrate  were  prepared  by  the  method  of  Ampleman  et  al.  [9]. 

3.2  Soil  sampling  and  extraction.  Soil  samples  were  collected  at  three  contaminated  sites 
from  depths  of  15  to  45  cm.  Two  sites  were  chosen  for  specific  contamination  by  RDX  and  TNT. 
The  third  site,  a  disposal  site  for  energetic  compounds  treated  by  "open-pit  burning,"  was  suspected  of 
being  contaminated  with  various  energetic  compounds.  Soils  were  extracted  and  analyzed  for  the 
extent  of  RDX  and  TNT  contamination  by  HPLC  as  described  by  EPA  Method  #  8330  [10].  DREV 
and  BRI  performed  an  interlaboratory  study,  based  on  the  the  EPA  method,  to  analyze  RDX  and  TNT 
in  pure  form  and  in  soil  using  various  concentrations  (0.5  to  20,000  ppm).  The  technique  was 
accurate  (>90%  recovery),  sensitive  (DL  0.5  ppm)  and  precise  (RSD  ±  2%).  Tlie  experiments 
regarding  the  effect  of  additives  on  the  extractability  (washing)  of  RDX  and  TNT  were  carried  out  as 
described  earlier  [11]. 

3.3  Isolation  and  enrichment  of  bacteria.  To  isolate  bacteria  from  contaminated  soil  capable  of 

degrading  the  energetic  compounds,  enrichment  cultures  were  prepared  using  a  minimal  salts  medium, 
MSM,  [12]  containing  the  energetic  compound  (100  mg/L)  as  eidier  sole  nitrogen  or  carbon  source. 
Laboratory-scale  microcosms,  enriched  with  '^C-substrates  were  used  to  assess  spontaneous 
mineralization,  as  determined  by  liberated  in  contaminated  soils,  and  to  study  bioaugmentation 

of  RDX  and/or  TNT  contaminated  soil  with  an  actively  degrading  bacterium.  In  tt^  latto' 
microcosms,  an  aqueous  suspension  of  washed  cells  was  added  to  the  surface  of  soil  to  yield  an  initial 
inoculum  density  of  10*  colony-forming  units  (CFU)/g  soil.  Uninoculated  soils  acted  as  negative 
controls.  All  incubations  were  in  the  dark  at  25  to  27°C. 
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3.4  Bioslurry  reactors.  Two  bioslurry  reactors  with  a  working  volume  of  4  litres  each  were  used 
in  the  biodegradation  study  of  RDX  and  TNT  and  operated  under  both  aerobic  and  anaerobic 
conditions.  The  aerobic  reactor  was  supplemented  with  activated  sludge  and  the  anaerobic  one  with 
anaerobic  sludge  .  Each  of  the  two  bioslurry  reactors  was  charged  with  dry  weight  agricultural  soil 
40%,  sludge  20  %  and  a  Carbon  Oxygen  Demand  concentration  of  5  g  COD/L.  The  total  reactor 
volumes  were  completed  with  distilled  water.  The  concentration  of  TNT  and  RDX  in  the  soil  was 
artificially  amended  at  values  of  1000  and  2000  ppm,  respectively.  The  performance  of  each  reactor 
was  monitored  by  conducting  the  following  tests:  COD,  Total  Suspended  Solids  (TSS),  Sulfate  (for 
anaerobic  reactors),  Volatile  Fatty  Acids,  explosive,  metabolites  and  redox  potential. 

3.5  Typical  microcosms  to  assess  mineralization  potential  in  bioslurry  reactors. 

The  soil  samples  were  incubated  in  100  ml  glass  vials  equipped  with  a  CO^-trap  containing  0.5  ml  of  5 
N  KOH.  The  soil-to-mineral  media  ratio  was  30%  (by  weight)  and  the  initial  concentrations  of  RDX 
and  TNT  varied  depending  on  the  experiment.  Each  vial  was  sealed  by  a  Teflon-lined  stopper  and 
wrapped  in  aluminum  foil  to  prevent  photodegradation  and  placed  in  a  shaking  water  bath  set  at  100 
rpm  and  25°C.  At  given  intervals,  the  KOH  solution  were  sampled  under  positive  gas  pressure, 
oxygen  for  aerobic  vials  and  nitrogen  for  anoxic  ones.  The  extracted  alkali  was  then  mixed  with  15  ml 
of  scintillation  cocktail  (ACS,  Amersham,  Arlington  Heights,  Ill.,  USA)  and  tested  for  radio-activity 
using  a  scintillation  counter  (Packard  Tri-Carb  model  4530,  Downers  Grove,  HI.,  USA). 

3.6  Metabolite  analysis.  The  culture  medium  was  extracted  with  ethyl  acetate  and  analyzed  by 
HPLC  (EPA  Method  #  8330)’®  or  GC/MS  (Varian  GC/MS  equipped  with  a  Saturn  II  ion  trap 
detector).  Alternatively,  in  the  case  of  TNT,  the  amino-TNT  metabolites  were  analyzed  directly  in  the 
culture  medium  using  the  new  solid  phase  microextraction  technique  (SPME)  in  combination  with  a 
GC/MS  (see  below)  [13,14]. 

4.  RESULTS  AND  DISCUSSION 

4.1  Aerobic  Biodegradation  of  RDX  and  TNT. 

Soil  contaminated  with  RDX  (9640  mg/kg)  yielded  a  microbial  consortium  with  the  abihty  to 
mineralize  RDX  when  provided  as  the  sole  nitrogen  source  for  growth.  A  bacterial  strain,  identified 
as  Rhodococcus  SP,  was  latter  isolated  from  the  this  consortium.  With  glucose  as  a  carbon  source, 
this  bacterium  was  able  to  mineralize  35%  RDX  as  determined  by  the  amount  of  liberated  ’'^CO^  using 
a  [’'’C]RDX  tracer  under  aerobic  incubation  in  48  h.  The  biodegradation  of  RDX  to  CO^  established 
the  aerobic  biodegradation  potential  of  RDX,  and  suggested  that  aerobic  remediation  of  RDX- 
contaminated  soil  is  feasible.  Binks  et  al.^^  have  identified  a  strain  of  bacteria  {Stenotrophomonas 
maltophilia  PBI)  that  can  degrade  RDX  under  aerobic  and  nitrogen-limiting  conditions.  This  is  in 
contrast  to  the  biodegradation  of  RDX  under  anaerobic  conditions  that  produces  mutagenic  or 
carcinogenic  hydrazine  and  dimethylhydrazines  [16].  Recently,  Crawford  has  reported  research  data 
on  the  biodegradation  of  nitrated  munition  compounds  by  obligately  anaerobic  bacteria  [17]. 

When  an  agricultural  soil  was  artificially  amended  with  pure  RDX  (50  or  100  mg/kg,)  and  inoculated 
with  strain,  mineralization  (hberated  ’"’CO^)  increased  as  compared  to  uninoculated  control  soils. 
However,  the  ability  of  this  organism  to  degrade  RDX  in  soil  may  be  influenced  by  the  concentration 
of  RDX,  soil/contaminant  interactions,  and/or  nutrient  limitation.  The  effect  of  pH,  RDX/TOT 
concentration,  and  the  presence  of  additives  such  as  yeast  extract  are  presently  under  investigation. 
Preliminary  observations  indicate  that  slightly  alkaline  pHs  favor  RDX  biodegradation.  Also 
biostimulation  with  other  nutrients  (C-source)  enhanced  mineralization  of  RDX  in  soil  using  the  added 
bacterium  (Figure  1)  and  also  minimized  the  negative  effect  of  TNT  on  the  mineralization  of  RDX. 

On  the  other  hand,  TNT  is  a  more  recalcitrant  compound,  and  thus  far  the  substrate  has  been 
demonstrated  to  undergo  extensive  biotransformation  with  minimal  ring  cleavage  to  CO^  [18,19] 
Microcosms,  containing  soils  contaminated  with  TNT  (25  to  12,000  mg/kg)  and  spiked  with 
[’"’CITNT  showed  that  only  the  soil  with  the  lowest  TNT  concentration  exhibited  mineralization 
activity  (<10%).  Mineralization  was  dependent  on  TNT  concentration  and  stopped  when  the  TNT 
concentration  reached  100  mg/kg.  Neither  nutrient  enhanced  the  rate  of  mineralization  in  the  soil.  A 
strain  was  later  isolated  from  a  soil  consortium  developed  from  the  soil  using  low  concentartions  of 
TNT  (5  mg/L)  as  the  sole  nitrogen  source 
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Figure  1.  Mineralization  of  RDX  in  soil  (19,056  ppm  RDX),  with  or  without  amendments  or 
bioaugmentation  (+  A);  E4  is  soil  identity,  ctr:  control,  mol:  nutrient,  and  YE:  nutrient) 


In  axenic  liquid  culture  containing  ammonium  sulfate  (250  mg/L)  as  a  conitrogen  source  and  glucose  as 
a  carbon  source,  this  isolated  strain  rapidly  transformed  YNT  (5  mg/L)  within  26  h  to  monoamino- 
and  diamino-TNT  derivatives  as  determined  by  Solid  Phase  Microextarction  combined  (SPME)  with 
GC/MS.  SPME  uses  a  fine  fused  silicon-fiber  with  a  polymeric  coating  to  extract  organic  compounds 
from  their  matrix  and  directly  transfer  tl^m  into  the  injector  of  a  gas  chromatograf^  (GC)  for 
chemical  desorption  and  analysis  [13,14].  The  technique  allows  the  detection  of  transient  metabolites 
at  trace  level  to  help  in  the  study  of  the  metabolic  pathways.  Figure  2  A  and  B  is  a  typical 
SjPlV^GC/MS  spectra  of  TNT  metabolites  formed  under  aerobic  conditions,  namely,  2-amino-4,6,- 
di-nitro-toluene,  4-amino-2,6,-di-nitro-toluenc  and  2,4-di-amino-6-nitro-toluene  and  2,6-di-amino-4- 
nitro-toluene. 


The  present  study  confirms  that  in  the  case  of  TNT,  biotransformation,  rather  than  mineralization,  is 
the  main  biodegradation  pathway  under  both  aerobic  or  anaerobic  conditions.  Earlier  reports  have  also 
indicated  that  biotransformation  is  the  main  pathway  for  TNT  biodegradation  [18,19,20].  Tte 
limitation  imposed  on  TNT  mineralization  is  possibly  due  to  the  high  oxidative  properties  of  TNT  and 
also  to  the  steric  hindrance  imposed  on  the  carbon-backbone  of  TNT  by  the  NO2  groups.  Another 
difficulty  encountered  in  TNT  biodegradation  in  soil  is  the  interactions  between  TNT  (and  its  amino 
metabolites)  with  soil  constituents  such  as  humic  acids  (humification)  resulting  in  the  loss  of  TNT  and 
its  metabolites  within  the  soil  environment.  This  explains  why  in  spite  of  TNT  disappearance  very 
little  carbon  dioxide  is  formed-  With  these  difficulties  in  TNT  biodegradation  at  hand,  studies  are 
underway  to  enhance  bioavailability  of  TNT  (and  its  metabolites)  to  the  degrading  micrcKirganisms  in 
soil.  Also  other  avenues  are  being  explored  to  enhance  mineralization  of  TT^  (and  RDX)  such  as  the 
use  of  bioslurry  reactors  (described  below)  and  joint  soil  washing/biodegradation  processes. 
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Min. 

Figure  2A:SPME/GC/MS  Total  Ion  Chromatogram  of  A eioWc  TKT  Metabolites  A;  Recovery  Standard  (2,4- 
dinitiotoIueneX  B:  TNT  (trinitrotoluene),  C;  IS  (Dibenzothiophene),  D:  2,4-(fi ami no-6-ni trot oluene; 

E:  2-aiTiino-4'dinitrotoluene;  I:  4-amino-2,6-dinitrotoluene  ardG:  2,6-diamino-4-nitrotoluene. 


Figure  2B.  A  typical  SPME/GC/MS  of  2-NH2-4,6~di~N02-toluene 


4.2  Removal  of  RDX  and  TNT  from  soil  by  veashing: 

As  the  previous  study  indicated,  the  aerobic  mineralization  of  TNT  in  soil  is  poor  and  mineralization  is 
often  hampered  by  the  formation  of  intermediate  products  (amine  derivatives).  Apart  from  being  toxic 
to  microorganisms  these  intermediates  interact  with  soil  constituents  such  as  humic  acid  (humification) 
and  produce  intractable  products  that  are  not  available  to  the  de^ading  microorganism.  We  therefore 
undertook  a  study  to  first  wash  the  explosive  out  of  the  soil  using  several  additives  then  biotreat  the 
soil  washing  using  bacteria  and/or  fungi. 

In  an  earlier  report  [11]  we  found  that  one  washing  cycle  of  the  soil  (2  g,  1000  ppm)  with 
acetonitrile  (10  mL)  extracted  most  of  the  RDX  (99  %).  Whereas  in  the  case  of  water  at  least  4 
washing  cycles  were  needed  to  recover  RDX  from  the  soil.  However,  in  the  presence  of  0.1  w/v  of 
the  nonionic  cyclodextrins  hp-5-CD  and  Me-R-CD  the  recovery  of  RDX  increased  to  2.4  and  1.5-fold 
of  that  of  pure  water  (37,7  mg/L),  respectively.  Cyclodextrins  have  been  used  in  the  past  to  enhance 
the  solubility  of  PAHs  and  are  recommended  to  be  used  to  facilitate  the  removal  of  contaminants  from 
soil  [21].  We  thus  selected  hp-fi-CD,  and  studied  the  effect  of  increasing  its  concentration  on  the 
recovery  of  RDX.  Increasing  the  concentration  of  the  CD  from  0.1  %  to  1  %,  2.5  %,  5  %,  and  10  % 
w/v  led  to  an  increase  in  the  recovery  of  RDX  from  45.4  %  to  49.4  %,  82.8  %  and  87.3  %, 
respectively.  Since  high  concentrations  of  the  CD  is  neither  cost  effective  nor  environmentally 
acceptable  a  CD  concentration  ranging  from  0. 1  to  1  %  w/v  would  constitute  the  most  reasonable 
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hydraulic  based  system  for  the  removal  of  RDX  from  soil.  Under  these  conditions  at  least  two 
washing  cycles  would  be  needed  to  wash  out  RDX,  i.  e.  10  mL  soivent/2  g  contaminated  soil 
(1,000  ppm). 

In  the  case  of  TNT,  a  heavily  contaminated  soil  was  used  (5265  ppm)  and  portions  of  the  soil  were 
washed  with  several  water  based  solutions  ranging  from  water,  lignosulfonate,  quaternary  ammonium 
sdt,  Tween-80,  to  CDs  (Table  1).  The  use  of  1  %  w/v  of  either  additive  did  not  drastically  enhance 
the  recovery  of  TNT  from  soil.  In  all  cases  the  amounts  of  extracted  TNT  was  close  to  that  obtained 
using  water  alone,  i.e.,  concentration  of  TNT  was  ca  90  ppm.  The  amounts  of  extracted  TNT  could 
be  increased  by  increasing  the  amounts  of  the  additive.  For  example,  TNT  recovery  increased  by  a 
factor  of  4  (Tween-80)  and  5  (quaternary  ammonium  salt)  by  increasing  additive  concentration  to  4 
%  w/v.  Interestingly,  the  amounts  of  TNT  recovered  using  pure  water  did  not  reach  the  normal 
solubility  of  TNT  (140  mg/L).  This  is  attributed  to  the  adsorption/desorption  behavior  of  TNT  in  a 
soil/water  system.  These  interactions  between  TNT  and  soil  constituents  are  considered  critical  in 
determining  the  fate  (biodegradability/mineralization)  of  TNT  in  the  soil.  Earlier  batch  sorption 
experiments  in  flooded  soil  showed  that  biodegradation  kinetics  of  nitrogen-substituted  naphthalene’s 
are  controlled  by  the  adsorption/desorption  behavior  of  the  substrate  in  the  soil  [22,23].  Electron- 
donor-acceptor  complexes,  formed  between  the  electron-deficient  polynitroorganics  and  the  e-rich 
mineral  surfaces  such  as  soil  clay,  may  significantly  influence  the  transport  and  fate  of  such 
compounds  in  the  soil.  For  instance,  about  20  %  of  TNT  (initial  concentration  16  mg/inL“l  of 
soil/solution  slurry)  stays  in  the  soil  after  three  sequential  desorption  cycles  [7]. 

Table  1. 

Recovery  of  TNT  from  contaminated  soil  (1  g)  using  water  (10  mL)  and  different  cosubstrates  (0.1 

%v/w) 


Solvent 

[TNT]  ppm 

Solvent 

[TNT]  ppm 

(0. 1  %  w/w) 

(RSD) 

(4  %  w/w) 

(RSD) 

Water 

89.2 

(0) 

(0) 

75.5 

Lignosulfonate 

191.1 

■■■■■■ 

(0) 

(1) 

SDS 

94.8 

SDS 

(4) 

Tween-80 

112.8 

Tween-80 

370.0 

(3) 

(2) 

Carboxymethyl- 

r  90.4 

Carboxymethyl- 

P  -cyclodextrin 

(2) 

p-cyclodextrin 

(3) 

Hydroxypropyl- 

81.0 

BIT 

P  -cyclodextrin 

(2) 

(2) 

Dimethyl- 

96.5 

Dimethyl- 

2S0 

P  -cyclodextrin 

(1) 

P  -cyclodextrin 

(1) 

EPA  Method  8330  showed  5265  ppm,  RSD:  relative  standard  deviation  (based  on  triplicates) 


The  enhancement  in  the  water  solubihty  of  organic  compounds  in  the  presence  of  CDs  is  attributed  to 
the  formation  of  inclusion  complexes  involving  the  CD  host  cavity  and  tl^  guest  molecule  mainly 
through  hydrophobic  interactions.  While  our  objective  in  the  present  study  was  not  to  investigate  the 
nature  and  the  structure  of  explosive/CD  complexes  we  believe  that  such  a  study  will  help  optimize 
the  removd  of  explosives  from  soil.  Thus  far  very  little  information  is  available  in  the  literature  on  die 
CD/explosive  inclusion  complexes.  The  nature  of  these  complexes  (e.  g.,  CD;1RDX  ratio)  and  the 
mechanisms  of  interactions  among  the  species  are  not  fully  understood.  I^ently  Cahil  et  al  [24,25] 
have  used  ^H-NMR  Spin-Lattice  relaxation  time  to  study  inclusion  complexes  that  form  between 
explosives  of  the  nitramine  family  (e.g.  RDX)  and  CDs  (a,  p,  and  y). 

As  we  mentioned  earlier,  one  of  the  frequently  encountered  problems  during  biodegradation  of  TNT  in 
soil  is  the  formation  of  intermediate  amine  metabolites  that  interact  with  soil  humic  acid  and  form 
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intractable  complexes..  Cyclodextrins  are  used  to  minimize  these  problems  and  thus  to  enhance 
mineralization.  Observations  from  preliminary  microcosm  experiments  showed  that  the  presence  of 

Hp-P-CD  (1  %  w/v)  in  TNT  washings  (50  ppm)  slightly  enhanced  mineralization  (from  1  %  to  3  %  in 
5  months)  using  both  aerobic  and  anaerobic  sludges.  However,  photolytical  pretreatment  (300  nm,  15 
h)  of  TNT  washings  (>  80  %  of  TNT  disappeared)  showed  that  mineralization  increased  from  1  %  to 
15  %  using  aerobic  sludge.  Under  anaerobic  conditions  the  photolyzed  mixture  showed  only  5  % 
mineralization  as  determined  by  liberated  More  work  is  underway  to  study  the  effect  of 

several  other  additives  on  the  recovery  of  TNT  from  soil  and  on  its  mineralization. 

4.3  Biodegradation  of  RDX  and  TNT  Using  Bioslurry  Reactors. 

Mineralization  of  explosives,  particularly  TNT  in  soil  is  found  to  be  difficult  to  attain  due  to  the 
presence  of  severe  interactions  between  the  explosives  and  their  metabolites  with  soil  constituents. 
Also  the  previous  study  demonstrates  that  the  biodegradability  of  the  explosive  is  affected  in  the 
presence  of  other  explosives.  To  clarify  these  problems  and  to  enhance  mineralization  of  explosives 
a  study  was  initiated  to  develop  bioslurry  reactors  that  can  degrade  relatively  high  concentration  of 
RDX  and  TNT  either  separately  or  in  the  same  bioreactor. 

Preliminary  results  (Figures  3  and  4)  indicate  that  TNT  (initial  concentration  1 ,000  ppm)  was  very 
rapidly  removed  in  both  the  anaerobic  and  aerobic  bioslurry  reactors.  The  removal  of  RDX  (initial 
concentration  2,000  ppm)  in  the  reactor  supplemented  with  anaerobic  sludge  illustrated  a  lag  period  up 
to  two  weeks,  then  RDX  was  completely  removed  during  three  weeks.  These  results  may  indicate 
that  the  RDX  degrading  activity  of  anaerobic  sludge  was  not  inhibited  by  the  high  concentrations  of 
TNT  and  RDX  in  the  slurry  reactor.  The  explosive  degrading  bacteria  in  the  anaerobic  sludge  were 
able  to  adapt  to  the  toxicity  of  both  TNT  and  RDX.  The  RDX  concentrations  in  the  reactor 
supplemented  with  activated  sludge  and  operated  under  aerobic  conditions  indicate  removal  of  RDX 
was  very  poor  under  aerobic  conditions. 


Time  (days) 

Figure  3.  Explosive  removal  in  a  bioslurry  reactor  supplemented 
with  anaerobic  sludge  operated  under  anaerobic  conditions. 


Microcosm  tests  simulating  the  bioslurry  reactors  using  ^"^C-labeled  TNT  and  RDX  were  conducted 
to  see  if  TNT  and  RDX  removal  from  the  slurry  reactors  is  attributed  to  mineralization  to  CO^  and 
furthermore  to  determine  the  synergetic  or  antagonistic  effect  of  TNT  and  RDX  on  mineralization.  In 
general  TNT  mineralization  was  found  to  be  very  poor  under  both  aerobic  and  anaerobic  conditions. 
Supplements  of  activated  or  anaerobic  sludge  did  not  improve  the  mineralization  rates  of  TNT.  These 
results  suggest  that  TNT  removal  in  the  bioslurry  reactors  under  both  aerobic  and  anaerobic  conditions 
were  merely  due  to  biotransformation.  This  was  in  fact  the  case  since  very  little  was  detected 
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and  several  intermediate  amino-TNT  metabolites  are  formed. 

On  the  other  hand,  soil  slurry  microcosms  conducted  under  aerobic  conditions  showed  that  10  %  of  the 
RDX  was  mineralized  by  soil  indigenous  microbes  after  8  weeks  of  incubation  and  that  the  supplement 
of  activated  sludge  in  the  soil  slurry  microcosms  increased  RDX  mineralization  to  18  %.  This  value 
is  far  below  the  60  %  mineralization  level  achieved  for  RDX  in  microcosms  using  activated  sludge 
only,  indicating  that  the  presence  of  soil  inhibited  the  RDX  degrading  activity  of  activated  sludge. 
Furthermore,  the  antagonistic  effect  of  TNT  on  the  RDX  mineralization  was  clearly  revealed  by  a  drop 
in  the  mineralization  rate  of  RDX  from  16%  to  4%  after  the  addition  of  TNT  to  the  microcosms. 


Figure  4.  Explosive  removal  in  a  bioslurry  reactor  supplemented 
with  aerobic  sludge  operated  under  aerobic  conditions. 

Similar  to  the  microcosms  conducted  under  aerobic  conditions,  soil  indigenous  microbes  were  able  to 
mineralize  RDX  up  to  15%  under  anaerobic  conditions,  the  mineralization  rate  of  RDX  however  was 
greatly  enhanced  by  the  supplement  of  municipal  anaerobic  sludge,  reaching  60%  in  the  microcosms 
with  soil,  RDX  and  anaerobic  sludge.  Mineriization  of  RDX  was  boosted  when  the  microcosms, 
initially  incubated  under  anaerobic  conditions,  were  switched  to  aerobic  conditions  and  ammended  widi 
10%  activated  sludge.  The  boost  in  RDX  mineralization,  as  determined  by  liberated  CO^,  is  apparently 
due  to  further  degradation  of  RDX  metabolites  to  CO^  since  RDX  was  found  to  mineralize  poorly 
under  aerobic  conditions. 

4.4  Ecotoxicology 

One  of  our  objectives  is  to  develop  toxicological  tools  to  assess  the  effectiveness  of  remediation 
technologies  for  sites  contaminated  with  energetic  substances,  such  as  TNT  and  RDX,  and  their 
metabolites.  In  addition  to  the  environmental  concerns,  we  have  also  rccentiy  addressed  some  other 
problems  such  as  genotoxicity.  This  toxicological  issue  may  be  problematic  since  there  is  the 
possibility  that  the  biodegradation  of  certain  energetic  substances  may  lead  to  poorly  characterized  and 
potentially  toxic  compounds  which  are  not  easily  identifiable  by  routine  analytical  methods.  For  this 
purpose,  a  suite  of  bioassays  (including  tests  for  bacterial  and  mammalian  cytotoxicity  and 
genotoxicity,  green  algae  growth  inhibition,  and  earthworm  survival)  is  being  used  to  develop  a 
databank  which  characterizes  the  toxicological  effects  of  these  soil  contaminants.  Preliminary  results 
indicate  that  TNT  and  not  RDX,  is  mutagenic  on  TA98  (frameshift)  and  TAIOO  (basepair  substitution) 
variants,  using  the  Fluctuation  test.  On  the  other  hand,  TNT  is  negative  using  the  SOS  Chromotest. 
Mammalian  cytotoxicity  and  mutagenicity  tests  using  cultured  V79  Chinese  hamster  fibroblasts  indicate 
that  RDX  was  clearly  less  toxic  than  TNT  (at  equivalent  concentrations)  and  that  TNT  metabolites  were 
generally  less  toxic  than  the  parent  compound  when  tested  at  short  exposure  periods.  The  genotoxicity 
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of  these  energetic  compounds  showed  that  both  TNT  and  RDX  were  weakly  mutagenic.  Studies  are 
being  continued  to  further  broaden  our  knowledge  of  the  mechanisms  of  toxicity  of  these  soil  and 
groundwater  contaminants  which  ultimately  may  have  long-term  environmental  impacts  at  different 
terrestrial  organismal  levels. 


5.  CONCLUSION 

The  challenge  in  solving  problems  associated  with  the  biodegradation  of  explosives  in  soil  is  how  to 
render  the  substrate  bioavailable  to  the  degrading  microorganisms  and  amenable  to  mineralization. 
Bioavailability  can  be  enhanced  through  the  use  of  additives  such  as  CDs,  anionic  or  neutral  surfactants 
and  biodegradability  can  be  facilitated  and  enhanced  by  physicochemical  pretreatment  (e.g.photolysis) 
techniques.  In  the  case  of  TNT,  minimizing  the  number  of  the  steric  and  highly  oxidized  NO2  groups 
on  the  aromatic  ring  facilitate  bacterial  attack  on  the  carbon  backbone  of  the  ring  and  thus  enhance 
mineralization.  In  the  case  of  RDX,  however,  mineralization  is  possible  under  aerobic  conditions  but 
the  extent  of  mineralization  is  dependent  on  the  concentration  of  the  explosive.  Preliminary  data 
showed  that  bioslurry  reactors  and  a  combined  anaerobic/aerobic  strategy  are  promising  approaches  to 
remediate  soil  contaminated  with  relatively  high  concentrations  of  RDX  (2,000  ppm)  and  TNT  (1,000 
ppm).  The  present  study  clearly  demonstrates  that  no  single  technology  may  be  universally  feasible  to 
clean  soil  contaminated  with  explosives.  A  multidisciplinary  approach  is  needed  depending  on  the 
type  of  soil  and  type  and  extent  of  contamination.  Subsequently,  aerobic  biodegradation  of  RDX  in 
soil,  joint  soil  washing/biodegradation  and  bioslurry  reactors  are  all  important  and  worthy  of  continued 
development. 
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ABSTRACT:  The  investigation  of  the  combustion  of  the  mixtures  of  propellant-coal  and 
propellant-peat  for  both  composite  and  double-base  propellants  was  performed  in  a 
laboratory  reactor  and  in  a  model  industrial  bed-burning  furnace.  The  mechanism  of 
combustion  of  the  bricks  was  studied  for  various  contents  (propellant  concentration)  for 
the  safe  and  ecologically  clean  combustion  in  furnaces.  The  flammability  and  explosion 
limits  for  the  coal-propeUant  mixtures  were  determined.  It  was  showed  that  the  energetic 
advantage  and  technological  possibility  of  preparation  and  combustion  of  bricks  made 
from  the  propellant-coal  and  propellant-peat  mixtures  in  the  regime  of  layer  combustion. 


INTRODUCTION 

The  propellant  destruction  (or  utilization)  problem  arises  when  dealing  with  waste  and 
scrap  in  propellant  industry  and  also  considering  disarmament  The  possibility  of  using 
briquetted  mixtures  of  propellant  crumb  with  low-value  coal  or  peat  for  bed-burning 
furnace  for  these  purposes  is  of  great  importance. 

In  1992  the  researchers  from  the  Semenov  Institute  of  Chemical  Physics  and  the 
Krzhizhanovsky  Institute  of  Energy  proposed  the  destruction  of  used  double-based 
propellant  (DBF)  and  composite  solid  rocket  propellant  (CP)  in  composite  fuel  materials 
based  on  natural  fuels  such  as  brown  coal  and  peat 

The  results  of  the  thermodynamic  computations  of  the  combustion  temperature  of  brown 
coal  and  its  mixtures  with  CP  ( AP  -  68%  ,  binder  - 14%  ,  A1  -  18%  )  and  DBP  N  (  NG  -  28%, 
NC  -  57%,  DNT  -  11%  )  are  presented  in  Fig.  1  as  a  function  of  the  air  equivalence  ratio,  a, 
i.e.  the  ratio  of  the  amount  of  supplied  air  to  the  stoichiometric  amount  of  air.  In 
accordance  with  the  data  provided  by  the  Institute  of  Energy,  the  brown  coal  used  in  our 

studies  (  averaged  over  the  Moscow  coal  basin)  consists  of:  water  (  W  ^)  -  8.16  %,  ashes 

(A^-  37.28  %,  C^  -36.54  %,  -3.09  %,  S*"  -2.99%,  0^-11.31  %  and  N**  -  0.63  %;  caloricity  - 
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9.88  MJ/kg.  One  can  easily  notice  that  adding  propellant  to  the  coal  increases  the  energy 
characteristics  of  the  fuel,  though  not  too  much  -  at  the  5-10%  level. 

Let  us  now  compare  the  energy  characteristics  of  the  solid  natural  fuels  with  propellants. 
The  burning  of  natural  fuel  is  performed  under  supply  of  sufficient  amount  of  air:  about  5 
kg  of  air  for  1  kg  of  the  coal.  The  calorific  value  of  the  Moscow  Region  brown  coal  is 
around  10  MJ/kg  so  that  caloricity  per  unit  mass  will  be  near  1.6  MJ/kg.  On  the  other 
hand,  the  prop)ellants  are  highly  filled  with  their  own  oxygen  and  their  combustion 
products  are  able  to  bum  when  mixed  with  the  air.  Therefore,  if  the  heat  of  combustion  of 
the  propellant  is  4.2  MJ/kg,  then  the  full  oxidation  of  all  the  compounds  requires  almost  2 
kg  of  extra  air,  and  the  combustion  of  the  burned  gases  will  give  around  the  same  1.6 
One  should  consider  this  a  positive  result  since  the  combustion  the  propellant-coal 
mixtures  in  the  furnace  will  not  require  upgrading  the  furnaces  to  accommodate  a  higher 
level  of  thermal  stress  and  loading. 


METHODS  OF  RESEARCH 

The  composite  fuel  materials  (CFM)  can  be  used  as  bricks  pressed  from  the  powder  coal 
and  propellant  where  the  size  of  the  coal  and  propellant  particles  should  not  exceed  3  mm. 
The  study  of  the  mechanism  of  CFM  combustion  was  performed  on  cylindrical  samples  12 
mm  in  diameter  and  10-13  mm  high  (1.6  grams)  and  cubic  bricks  having  a  20  mm  edge  of 
(12  grams).  The  combustion  of  samples  was  studied  both  in  laboratory  reactors  and  in  a 
bed-burning  furnace.  The  main  experiments  were  performed  in  the  laboratory  reactor 
modeling  the  combustion  conditions  in  the  furnace. 

The  laboratory  reactor  consists  of  the  horizontal  tube  150  mm  long  with  the  internal 
diameter  of  33  mm  heated  up  to  the  temperature  of  750K.  The  sample  was  suspended  by 
the  W-Re5  -  W-Re20  thermocouple  100  pm  in  diameter  with  the  help  of  ceramic  tubes. 
Open  ends  of  the  tube  ensured  the  free  air  supply.  The  reactor  was  placed  on  the  VLZ-type 
automatic  scales.  Thus  the  permanent  recording  of  the  weight  of  the  sample  and  the 
temperature  in  its  center  was  ensured. 


RESULTS  AND  DISCUSSION 

The  experiments  demonstrated  that  the  coal  brick  with  the  20  mm  edge  completely  bums 
in  ~140  min.,  the  brick  with  the  20%  of  the  N-propellant  in  '^100  min.,  and  the  one  with 
40%  of  N-prof>ellant  in  -^0  min.  These  burning  times  are  proportional  to  the  percent  of 
coal  in  the  brick. 

Fig.  2  shows  the  history  of  die  relative  mass  loss  of  the  sample  in  percent  (Fig.  2a)  and  the 
temperature  in  the  center  of  the  sample  (Fig.  2b)  in  the  time  period  from  0  to  30  min  for 
different  mixtures  of  N-propellant  in  coal.  It  is  necessary  to  point  out  the  existence  of 
extremes  on  the  curves  at  780-790  K.  These  extremes  correspond  to  the  full  combustion  of 
the  propellant  and  light  volatile  components  of  the  coal:  for  example  for  pure  coal  the 
extreme  of  the  first  curve  in  Fig.  2b  (t  =  10  min.)  corresponds  to  the  relative  mass  loss  of 
26%  on  the  first  curve  in  Fig.  2a.  This  quantity  coincides  with  the  known  percent  of  light 
volatile  compounds  in  the  Moscow  Region  brown  coal.  For  the  40%  prop)ellant-coal 
mixture  (curves  number  5)  at  the  temperature  780  K  (t-  4  min.)  the  mass  loss  is  55%,  being 
the  sum  of  the  weights  of  the  propellant  (40%  )  and  volatile  compounds  (15%).  The  same 
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analysis  is  valid  for  the  other  curves.  The  shape  of  the  curves  after  the  extremes  points 
represents  relatively  slow  coal  combustion.  This  phase  corresponds  to  the  known  percent 
of  the  mineral  part  (slag)  in  the  coal.  The  analysis  of  the  curves  1-5  in  Fig.  2  suggests  the 
existence  of  two  different  burning  regimes  —  "layer"  and  "relay-race".  When  the  amount  of 
propellant  is  under  20%  (curves  1-3)  one  has  the  "layer"  regime  where  the  full  combustion 
of  title  propellant  and  volatile  components  (everywhere  t  =  10  min.)  takes  place  under 
relatively  slow  heating  of  the  sample  from  the  external  heater  and  energy  excitation  near 
the  surface.  This  regime  is  similar  to  the  usual  diffusion  regime  of  the  coal  combustion. 
The  curves  4-5  (when  the  amount  of  propellant  is  30  and  40%  )  demonstrate  the  possibility 
of  fast  penetration  of  combustion  inside  die  sample  (t<  6  min.)  by  the  "relay-race"  transfer 
of  the  combustion  wave  by  the  propellant  particles.  The  relay-race  mechanism  for  the 
bricks  made  from  particles  less  than  1  mm  starts  to  work  near  30%  of  the  N-propellant 
part  The  existence  of  the  relay-race  mechanism  is  also  verified  by  faster  growth  of  the 
temperature  in  the  center  of  the  brick  and  the  possibility  of  combustion  of  the  brick  with 
40%  of  propellant  concentration  in  open  air  without  preheating  and  burning  by  open  fire. 
Under  such  conditions  the  brick  with  less  than  the  40%  concentration  does  not  bum. 

In  Fig.  3  one  can  find  the  results  of  combustion  of  the  bricks  made  of  the  same  size 
powders  of  coal  and  CP.  The  history  of  relative  weight  loss  of  the  brick  (Fig.  3a)  and  the 
temperature  in  the  center  of  the  brick  (Fig.  3b)  is  presented.  The  curves  1-4  correspond  to 
the  CP  concentration  in  the  mixture  of  10, 15,  20  and  30%.  The  process  of  the  combustion 
for  the  bricks  with  CP  is  similar  to  the  one  with  the  N-propellant,  i.e.  it  also  has  two 
phases.  The  first  one  is  full  combustion  of  the  CP  and  light  volatile  compounds  and  the 
second  is  full  combustion  of  the  coal  in  two  regimes  of  "layer"  and  "relay-race"  combustion. 
The  layer  regime  is  typical  for  the  bricks  with  10  and  15%  CP  concentration  (curves  1  and 
2)  while  the  relay-race  one  -  for  the  20  and  30%  concentration  of  CP  (curves  3  and  4).  The 
difference  between  the  combustion  of  the  CP  bricks  compared  to  that  for  the  N-propellant 
bricks  is  explained  by  the  fact  that  CP  bums  for  shorter  times  and  heats  coal  to  higher 
temperatures. 

More  detailed  study  showed  that  the  relay-race  combustion  starts  when  the  volume 
fraction  of  the  propellant  in  the  mixture  achieves  the  so  called  percolation  limit  (or 
percolation  crisis)  corresponding  to  16±3%  of  the  volume  -  when  there  is  the  geometric 
possibility  for  continuous  combustion  channels  through  the  sample.  The  results  of  this 
research  are  contained  in  the  papers  of  the  authors  to  be  published  in  the  Journal  of 
Chemical  Physics,  v.  15,  N  9,  pp.  143-147  (Russian).  In  this  paper  one  can  also  find  a 
discussion  of  the  paradox  as  to  why  the  relay-race  combustion  is  possible  even  when  the 
size  of  the  propellant  particles  is  below  the  critical  diameter  of  the  propellant  combustion  - 
the  role  of  burning  elements  is  then  played  by  accidental  clusters  of  small  propellant 
particles  (cluster  fragments)  where  the  critical  diameter  of  combustion  is  essentially  lower 
that  the  critical  diameter  for  the  pure  propellant  sample. 


HRE  AND  EXPLOSION  SAFETY 

In  the  relay-race  regime  one  has  burning  gas  formation  at  high  speeds  beyond  the 
capabilities  of  usual  furnaces.  Therefore,  decreasing  of  the  propellant  percentage  to  the 
level  that  guarantees  the  absence  of  the  relay-race  regime  is  mainly  a  matter  of  safety.  For 
this  reason  the  external  heat  and  mechanical  action  tests  (uniform  heating  of  the  powder 
specimen  by  sand  bath,  open  fire  action  and  drop-weight  machine  testing)  were 
p)erformed.  All  tests  showed  that  the  compositions  with  less  than  30%  of  propellant  content 
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gave  a  flash  in  the  course  of  uniform  heating  to  the  temperature  over  430K  and  did  not 
lead  to  combustion  in  the  whole  bulk.  The  compositions  with  the  propellant  content  more 
than  40%  can  bum  in  an  open  fire,  though  only  the  propellant  and  light  components  of  the 
brick  really  bum. 

The  explosion  safely  of  the  bricks  was  estimated  by  studying  the  sensitivity  to  mechanical 
impact  of  pressed  samples  of  10  mm  diameter  and  thiclmess  from  0.1  to  1  mm,  with  the 
size  of  the  particles  less  than  0.4  mm.  The  tests  were  performed  at  the  vertical  K-44-P  drop 
weight  machine  using  the  tensometric  technique  with  the  photo-electric  recording  of  the 
moment  of  the  explosion.  Hie  mass  of  the  falling  hammer  was  10  kg  and  the  drop  height 
was  25  cm.  In  experiments  we  measured  the  pressure  of  destruction  of  samples  as  a 

function  of  their  thickness.  Hie  critical  pressure  of  explosion  initiation  Per  was  evaluated 
from  this  dependence  as  a  pressure  corresponding  to  the  boundary  between  the  purely 
mechanical  fracture  of  the  sample  and  destruction  attended  by  explosion.  This  approach 
allows  us  to  compare  the  sensitivity  of  the  mixtures  to  the  mechanical  actions  with  those  of 
known  explosives.  The  results  of  comparison  are  presented  in  the  following  table: 


TABLE  1 

The  Characteristics  of  Explosion  Initiation 


Explosive 

Per,  kBar  (10^  atm) 

TNT 

10.5 

propel.H/coal  30/70 

10.7+0.2 

propel.H/coal  50/50 

9.6+0.2 

picric  acid 

9.5 

comp.propel./coal  20/80 

9.2±0.2 

perchlorate  ammonia 

8.510.2 

RDX 

7.4 

comp.propel./coal  40/60 

7.310.3 

propellant  H 

4.910.2 

composite  propellant 

3.2 

The  following  conclusions  can  be  made  based  on  data  presented  in  the  table: 

(1)  When  "diluting"  both  ballistic  and  mixed  propellants  with  the  coal  there  is  a  strong 
decrease  in  the  sensitivity  of  these  compositions.  The  mixtures  with  CP  possess  greater 
sensitivity  that  those  with  ballistic  propellant; 

(2)  The  sensitivity  even  of  the  composites  with  CP  (with  the  coal  content  more  than  60%)  is 
less  than  that  of  ammonium  perchlorate  but  more  than  that  of  TNT. 

ECOLOGY 

From  the  point  of  view  of  ecology,  the  most  danger  from  the  burning  gases  comes  from  the 
nitrogen  (NOx)  and  sulfur  (SOx)  oxides.  While  the  SOx  originate  from  the  compounds  of 
the  coal,  the  NOx  come  from  the  air  nitrogen  and  are  produced  in  the  highest  temj>erature 
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parts  of  the  combustion  zone  where  their  concentration  approaches  the  thermodynamic 
equilibrium  (<  than  1%  in  volume).  They  more  or  less  decompose  when  the  burned  gases 
cool  down.  The  computation  of  the  equilibrium  composition  of  the  burned  products  of  the 
coal-propellant  mixtures  showed  that  adding  propellant  to  the  coal  in  the  amoimt  of  10- 
20%  does  not  significantly  change  the  concentration  of  the  nitrogen  oxides  since  such 
modification  does  not  change  the  burning  temperature  significantly  while  the  amount  of 
nitrogen  is  greater  in  the  air  than  in  the  coal  or  propellant 

Special  attention  is  paid  to  the  HCl  present  in  the  burned  gases  of  CP  based  on  ammonium 
p>erchlorate.  The  thermodynamic  calculations  showed  that  the  concentration  of  the  HCl  in 
the  burned  gases  of  the  mixture  of  CP  with  coal  is  approximately  the  same  as  that  of  SOx 
and  NOx.  The  computations  showed  also  that  adding  potash  (K2CO3)  to  the  composition  in 
an  amount  corresponding  to  the  stoichiometric  ratio  of  K  and  Cl  decreases  the  level  of  the 
concentration  of  HQ  the  burned  gases  by  the  factor  of  7.  The  experimental  detection  of  the 
amount  of  HQ  the  burned  gases  of  CP-coal  mixtures  showed  that  at  least  half  of  the  HCl  is 
absorbed  by  the  mineral  part  of  the  coal.  Adding  of  potash  enhances  adsorption.  After  the 
combustion  of  the  CP-peat  mixtures  the  HCl  does  not  appear  at  all  in  significant 
concentrations  since  it  is  coupled  by  iron  existing  in  the  mineral  part  of  the  peat  Thus, 
using  the  optimal  compositions  of  propellant-natural  fuels  for  combustion  together  with 
the  traditional  methods  against  acid  components  of  burned  gases  allow  one  to  ensure  the 
necessary  level  of  ecological  norms. 


COMBUSTION  IN  BED  -  BURNING  FURNACE 

To  support  the  conclusions  of  the  laboratory  experiments,  the  tests  in  a  model  industrial 
bed-burning  furnace  were  also  performed.  In  these  tests  the  300  gram  bricks  made  of  the 
pure  coal  as  well  as  the  bricks  of  the  N-propellant  mixed  with  the  coal  in  the  ratio  20/80 
and  40/60,  the  bricks  of  the  CP  mixed  with  coal  in  the  ratio  20/80,  20/72+8%  of  potash, 
30/70,  30/57+13%  of  potash  and  the  bricks  of  pure  peat  and  CP  mixed  with  peat  in  the 
ratio  20/80  were  investigated.  The  fire-chamber  had  a  furnace-bar  with  dimensions  of 
200x235  mm  and  a  height  of  385  mm  from  the  furnace-bar  to  the  diversion  channel  of  the 
burned  gases,  and  had  the  air  supply  system  under  the  fire-bar  lattice.  First  the  layer  of  the 
brown  coal  was  burned  on  the  fire-bar  lattice.  After  the  steady  combustion  of  the  coal  in 
the  bricks  was  established,  i.e.  the  light  fractions  burned  away,  the  set  of  bricks  was  loaded 
to  the  overheated  upper  layer.  We  recorded  the  temperature  in  the  burning  layer  and 
burned  gases  and  burnt  gases  were  sampled  for  the  chemical  analysis.  These  studies 
demonstrated  the  significant  influence  of  the  propellant  compounds  to  the  burning  and 
combustion  of  bricks.  With  an  increase  in  propellant  concentration  in  a  composition  the 
temperature  level  at  the  first  stage  of  combustion  increased  50-200  degrees  and  the  time  of 
combustion  became  shorter.  The  propellant  combustion  in  bricks  can  either  heat  the  coal 
making  the  process  of  coal  combustion  easier  with  propellant  concentrations  up  to  20-25% 
and  so-called  layer  combustion,  or,  with  propellant  concentrations  more  than  30%  gives 
rise  to  the  additional  development  of  "heat"  porosity  simplifying  the  diffusion  of  oxygen 
inside  the  brick.  The  analysis  of  burned  gases  demonstrated  that  the  concentration  of 
ecologically  dangerous  oxides  COx,  NOx  in  the  burned  gases  of  bricks  containing  CP 
(especially  with  extra  potash)  were  virtually  the  same  as  in  combustion  of  the  natural  fuels. 
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CONCLUSION 


Thus,  our  investigations  showed  the  energetic  advantage  and  technological  possibility  of 
preparation  and  combustion  of  bricks  made  from  propellant-coal  and  propellant-peat 
mixtures  in  the  regime  of  layer  combustion. 


Figure  1.  Temperature  of  the  burned  gases  of  mixtures  of  brown  coal  with  CP  and  N- 
propellant  as  a  function  of  the  air  equivalence  ratio  Curve  1  -  coal;  Curves  2  and  3  - 
coal  with  20%  and  30%  CP  composition  respectively;  Curves  4,5  and  6  -  coal  with  10%, 
20%,  and  50%  of  N-propellant  respectively. 
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CONVERSION  OF  HIGH  EXPLOSIVES 


Paul  Wannlnger 

Dynamics  Division,  TDW,  PO  Box  1340 
86523  Schrobenhausen,  Germany 


ABSTRACT:  The  disposal  of  high  explosives  was  not  a  problem  prior  to 
German  reunification.  Large  quantities  (300,000  tons)  of  old  and  substandard 
munitions  were  acquired  when  the  former  German  Democratic  Republic  (GDR) 
was  reunited  with  the  Federal  Republic  of  Germany  (FRG).  This  paper 
evaluates  processes  available  for  the  conversion  of  high  explosives,  and 
concludes  that  an  affordable  and  readily  available  method  for  the  destruction 
of  high  explosives  from  old  ordnance  is  controlled  burning. 


INTRODUCTION 

Military  high  explosives  are  made  in  order  to  provide  a  propelling  effect 
(propulsion)  or  a  destructive  effect  (detonation)  in  munitions.  The  most 
commonly  used  high  explosives  are  summarized  in  Figure  1 .  High  explosives, 
rocket  propellants  or  propellant  powders  seldom  contain  only  pure  high 
explosives.  Normally  they  are  present  in  mixtures  which  have  to  be 
separated  into  their  individual  components  when  preparing  them  for 
conversion.  This  is  relatively  simple  in  the  case  of  high  explosive  charges 
and  still  feasible  for  single  base  propellants,  but  is  very  difficult  for  double 
base  propellants  since  these  usually  exist  as  compacted  propellant  mixtures. 
The  dissolution  and  separation  of  such  propellants  are  very  expensive  and 
time  consuming. 

The  idea  of  disposing  of  or  converting  high  explosives  into  harmless  products 
first  occurred  in  1989,  after  Germany's  reunification,  when  old  high 
explosives  stored  in  the  former  GDR  turned  out  to  be  available  in  enormous 
quantities.  About  300,000  tons  of  ammunition  had  to  be  disposed  of.  The 
ammunition  did  not  comply  with  Western  safety  standards  and,  according  to 
international  standards,  had  been  stored  for  too  long. 

The  usual  disposal  procedure  used  by  the  German  Armed  Forces  was 
disassembly  of  the  munitions,  which  means  that  they  separated  the  high 
explosives  from  the  metal  parts  and  then  crushed  them  for  burning  in  the 
open  air.  This  combustion  is  uncontrolled  and  entails  considerable  emission 
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of  harmful  material  into  the  air,  especially  nitrogen  monoxide. 
Demilitarization  means  in  this  case  classification  of  the  ammunition,  and 
removal  of  detonators  and  H.E.  charges.  For  the  removed  H.E.  charges,  there 
are  different  possibilities,  e.g.  recycling,  chemical  conversion  into  valuable 
products,  etc. 


NO2 


Cyciotrimethylenetrinitramine 
(Hexogen,  RDX) 


Cyciotetramethylenetetranitramine 
(Octogen,  HMX) 


(NC) 


HgC - ONO2 

HC - ONO2 

HgC - orgOj 


CH2ONO2 

I 

02N0CH2 - C - CH2OMO2 

CH2ONO2 


Nttroglycerine 

(NG) 


Pentaerythritol  Tetranitrate 
(PETN) 


Figure  1.  Commonly  used  high  explosives 


From  a  chemical  point  of  view,  most  explosives  are  highly  nitrated  aromatic 
compounds,  highly  nitrated  heterocycles  or  nitric  acid  esters.  Due  to  the 
large  number  of  reactive  functional  groups,  the  old  high  explosives  could 
obviously  be  regarded  as  valuable  raw  material  for  chemical  synthesis. 
Chemical  reactions  are  in  most  cases  reduction,  oxidation  or  hydrolysis  of  a 
molecule.  In  the  case  of  nitroaromatics,  only  the  reduction  process  renders  a 
valuable  product. 
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CHEMICAL  CONVERSION 


The  most  important  of  the  nitrated  aromatics  is  2,4,6  trinitrotoluene, 
generally  known  as  TNT.  TNT,  with  its  reactive  nitro  groups,  is  especially 
suited  for  chemical  conversion.  To  eliminate  the  explosive  characteristics 
from  this  compound,  the  N02’groups  have  to  be  removed  or  converted.  This  is 
best  achieved  by  catalytic  reduction  which  employs  hydrogen,  H2-  The 
resulting  2,4,6-triaminotoluene  (TAT)  has  no  explosive  character.  Reaction 
is  achieved  with  98%  efficiency  and  was  first  carried  out  in  laboratory  scale 
by  Heim  and  Wagner.^  In  the  1970’s  BASF  looked  at  this  process  to 
manufacture  isocyanates  to  serve  as  precursors  for  polyurethane.^'^  Beginning 
in  1990,  the  armament  industry  (Rheinmetall  and  Dasa)  installed  pilot  plants 
to  hydrogenate  TNT.^’®  Hydrogenation  of  TNT  leads  to  2,4,6-triaminotoluene 
in  a  single  step.  Then,  using  NaBH4  and  applying  harsh  conditions  like  high 
temperature  and  pressure,  it  is  possible  to  hydrogenate  the  aromatic  ring  to 
2,4,6‘triaminomethylcyclohexane  (TAMC)  as  illustrated  in  Figure  2. 


TNT 


TAT 


TAMC 


Figure  2.  Hydrogenation  of  TNT 


Hydrogenation  of  TNT  is  achieved  in  polar  solutions  by  adding  a  catalyst  with 
intensive  stirring  under  simultaneous  introduction  of  hydrogen.  The  reaction 

can  be  observed  with  "'H-NMR  and  IR  spectroscopy  or  with  thin  layer 
chromatography.  Hydrogenation  is  achieved  in  several  steps,  reaction 
velocity  being  a  function  of  temperature  and  catalyst  to  a  large  extent.  Low 
temperatures  are  sufficient  to  obtain  a  reaction.  The  hydrogen  consumption 
at  25  to  35°C  is  very  high,  and  at  60°C  the  reaction  velocity  and  the 
desorption  of  hydrogen  compete.  Of  the  4  types  of  catalysts  investigated 
(Pd,  Rh,  Raney  Ni  and  Ru),  palladium  was  by  far  the  most  efficient.  However, 
with  2%  palladium  catalyst  relative  to  the  TNT  mass,  the  reaction  can  no 
longer  be  controlled.  The  strongly  exothermic  reaction  (AH=  -1850kJ/mol 
TNT  =  -8145kJ/kg  TNT)  requires  small  reactor  volumes  and  large  heat 
exchange  surfaces  for  cooling.®-^ 

The  reaction  rate  is  strongly  solvent-dependent,  proceeding  most  rapidly  in 
methanol,  slower  in  ethanol  and  Isopropanol,  and  slowest  in  THF.  The 
consumption  of  hydrogen  is  used  as  a  measurement  unit  for  the  reaction 
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velocity.  Over  a  wide  range,  the  reaction  velocity  is  directly  proportional  to 
the  amount  of  catalyst.  To  control  the  reaction,  carefully  controlled 
temperatures  and  low  percentages  of  catalyst  are  advisable.  A  continuous 
installation  for  the  hydrogenation  of  TNT  in  which  TNT  is  dissolved  in 
relatively  small  amounts,  is  recommended.  In  a  solution  of  5  -  10%  there  is 
no  danger  of  detonation  or  deflagration. 

Hydrogenation  of  the  benzene  core  of  2,4,6-triaminotoluene  or  TNT  is 
achieved  by  the  reaction  with  NaBH4  (Figure  3).®’^  This  creates 
trinitromethylcyclohexane  (TNMC)  where  there  are  eight  possible 
stereoisomers  (Figure  3  shows  only  one  stereoisomer).  The  use  of  NaBH4  to 
achieve  core  hydrogenation,  however,  proves  to  be  very  expensive.  Trials  to 
convert  TNT  directly  into  methyltriaminocyclohexane  (TAMC)  using  hydrogen 
in  the  presence  of  catalysts  supplied  only  unsatisfactory  yield.® 


Figure  3.  Conversion  of  TNT  to  TAMC 

TAT  is  very  reactive  and  not  stable  at  higher  humidity.  Interesting  synthetic 
possibilities  involving  TAT  are  the  conversion  with  phosgene  (COCI2)  into 
2,4,6-toluenetriisocyanate  (TICT)^°  or  hydrolysis  into  2,4,6-trihydroxy- 
toluene  (THT)  (Figure  4).  Since  triisocyanates  permit  polymerization  in  three 
dimensions,  they  can  be  used  in  place  of  diisocyanates  like  hexamethylene 
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TICT 


THT 


Figure  4.  TAT  reaction  products 


diisocyanate  in  polyurethane  formulations  in  order  to  influence  the 
characteristics  of  the  plastics.  As  core-hydrogenated  isocyanates  are 
considerably  less  sensitive  against  UV  radition  than  aromatic  isocyanates 
(the  secondary  chain  is  stabilised  against  attack  by  radicals),  a  simple 
catalytic  hydrogenation  of  TNT  to  TAMC  is  desirable.^^ 


NH2 


HCl 


Figure  5.  Preparation  of  phloroglucinol  from  TNB 


The  synthesis  of  1 ,3,5-trihydroxybenzene  (phloroglucinol)  obtained  from 

2.4.6- trinitrobenzene  (TNB)  is  achieved  in  the  same  way  as  the  synthesis  of 

2.4.6- trihydroxytoluene  (Figure  5). 
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Another  example  of  the  chemical  conversion  of  high  explosives  is  hydrolysis 
of  glycerinetrinitrate.  In  this  case,  the  major  product  is  glycerol,  a 
commodity  chemical.  Hydrolysis  leads  to  useful  products,  however,  only  in 
the  case  of  nitrates.  Nitramines  such  as  RDX  are  decomposed  into 
formaldehyde  and  ammonia  with  this  type  of  conversion.''^ 


COMMERCIAL  ASPECTS  OF  CHEMICAL  CONVERSION 

The  products  obtained  from  the  chemical  conversion  of  high  explosives  are 
all  classical  chemical  raw  materials  which  are  already  produced  in  large 
quantities.  The  market  possibilities  are  correspondingly  unfavorable.  This 
applies  most  of  all  for  2,4,6-toluenetrilsocyanate,  cellulose,  glycerine, 
pentaerythritol  and  ammonium  nitrate. 

Phloroglucinol  serves  as  a  synthetic  building  block  in  the  pharmaceuticals 
industry  and  moreover  as  an  additive  for  cosmetics  and  photo  developers. 
The  price  for  phloroglucinol  is  about  180  to  220  DM  per  kg.  A  new  synthesis 
of  this  valuable  product  would  be  interesting.  As,  however,  the  worldwide 
demand  for  phloroglucinol  is  about  150  to  200  tons  annually,  provision  of  15 
to  20  million  DM  investment  funds  required  for  the  establishment  of  a  plant 
to  manufacture  phloroglucinol  from  trinitrobenzene  is  uninteresting.^^ 

The  development  of  a  chemical  process  using  high  explosives  as  raw 
materials  will  require  time,  as  well  as  experience  in  the  handling  and 
chemical  processing  of  high  explosives. 


BIOLOGICAL  DECOMPOSITION  OF  HIGH  EXPLOSIVES 

Decomposition  of  high  explosives  using  bacteria  is  conceivable.  However,  the 
problem  is  the  low  solubility  of  the  high  explosives  in  water,  the  medium 
which  the  bacteria  need.  To  be  able  to  dissolve  TNT  (TNT  solubility  in  water 
is  about  0.5  mmol/L)  in  a  measurable  time,  feeding  of  20mmol  glucose  and 
ammonium  sulfate  each  is  necessary.  TNT  is  soluble  up  to  50  mmol/L  in 
aicohol/water  solutions. 

The  low  solubility,  requirement  for  temperature  control  of  the  solution  at  35 
-  40°C  as  well  as  addition  of  glucose,  ethanol  and  other  nitrogenous  or 
carbonic  nutrients  needed  by  the  bacteria  result  in  an  enormous  expenditure 
of  funds,  such  that  a  large-scale  plant  for  the  biological  decomposition  of 
high  explosives  appears  impossible.  The  biological  conversion  of  TNT  works 
only  if  the  process  is  split  up  Into  two  different  processes,  an  anaerobic  and 
an  aerobic  process  with  two  different  types  of  bacteria  and  process 
parameters.  In  addition,  about  one-third  of  the  formulation  is  reduced  only 
partially. The  metabolites  which  still  contain  nitro  groups  are  much  more 
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toxic  than  TNT.  Other  explosives  like  HMX  and  RDX  are  not  processible 
because  they  are  nearly  unsolubie  in  water.""^ 

Another  disadvantage  is  the  fact  that  high  explosives  are  usually  available  as 
mixtures  so  that  intensive  processing  and  chemical  pre-treatment  is 
necessary,  in  order  to  have  the  substances  ready  for  biological 
decomposition.^^  For  example,  a  typical  double  base  propellant  contains  lead 
and  copper  salts  which  are  highly  toxic  to  all  bacteria.  A  separation  of  these 
materials  is  feasible  but  not  economical. 

In  summary,  the  problems  with  the  biological  treatment  of  H.E.  are  the  low 
solubility  in  water,  the  high  energy  and  nutrient  consumption,  the  sensitivity 
of  the  bacteria  to  metal  salts  and  the  incomplete  degradation  of  the  high 
explosives  which  yields  very  toxic  metabolites. 


RECYCLING  OF  HIGH  EXPLOSIVES 

Military  high  explosives  are  normally  solid  organic  compounds,  which  can  be 
recrystallised.  Recycling,  i.e.,  cleaning  and  recovery  of  high  explosives  like 
TNT,  HMX,  and  RDX  is  possible  in  principle,  but  the  value  of  these  substances 
has  to  be  considered.  One  kilogram  of  TNT  for  civilian  or  military  purposes 
is  available  on  the  world's  markets  for  1  to  5  DM,  depending  on  quality,  RDX 
for  about  25  to  30  DM  and  HMX  for  about  60  to  80  DM.  Thus,  recycling  appears 
sensible  only  for  HMX,  as  large  quantities  of  solvents  as  well  as  suitable 
facilities  with  all  the  necessary  licenses  required  for  the  processing  of  high 
explosives.  Recovered  high  explosives  then  have  to  be  re-qualified  for 
military  or  commercial  use,  which  means  that  they  have  to  pass  a 
comprehensive  acceptance  test  procedure. 


USE  IN  CIVILIAN  EXPLOSIVES 

It  has  often  been  suggested  that  military  H.E.  charges  could  be  crushed  and 
the  residues  added  to  civilian  explosives.  Unfortunately,  different 
regulations  and  requirements  apply  to  military  and  civilian  explosive  charges 
and  their  various  qualification  methods. 

TNT  for  example  presents  a  very  negative  oxygen  balance  (-74%)  which 
permits  adding  TNT  only  in  small  quantities  to  explosives  used  for  mining 
purposes.  The  CO  percentage  admissible  after  firing  is  extremely  limited 
because  of  the  risk  of  firedamp.^®  Adding  TNT  to  H.E.  charges  used  In  openpit 
mining  is,  in  principle,  possible.  Military  high  explosives,  however,  show  a 
very  high  brisance  and  can  be  added  to  slurry  explosive  charges  only  in  small 
quantities  since  this  usually  changes  the  particle  size  distribution  of  the 
blasted  minerals  considerably.  Slurry  explosive  charges  are  compounds  that 
can  be  transferred  in  pumps  and  consist  of  oxidizing  agents  (in  most  cases 
ammonium  nitrate),  water  and  fuels,  and  are  used  exclusively  for  civilian 
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purposes.  The  requirement  of  extensive  safety  approvals  allows  only 
extremely  small  amounts  of  military  high  explosives  to  be  processed  in 
civilian  high  explosive  charges. 


THERMAL  DISPOSAL  OF  HIGH  EXPLOSIVES 

Uncontrolled  burning  of  propellants  and  explosives  pollutes  the  air  with 
various  gases  like  NH3,  HCN  and  NO  and  also  produces  soot  which  is 
contaminated  with  highly  toxic  aromatic  compounds.  Controlled  combustion 
of  high  explosives  offers  a  series  of  advantages.  Mixtures  which  are 
difficult  to  separate  can  be  burned.  The  energy  contents  of  high  explosives 
are  for  the  most  part  overrated.  Table  1  contains  a  comparison  of  the  caloric 
content  of  several  high  explosives  to  those  of  normal  fuels.  To  reach  the 
temperatures  that  are  required  for  complete  combustion  of  high  explosives, 
it  is  necessary  to  supply  external  energy.  This  can  be  achieved  by  controlled 
burning  in  a  rotary  kiln  with  subsequent  flue  gas  purification.  This,  however, 
leads  to  high  investment  and  maintenance  cost  due  to  the  applicable  safety 
and  environment  regulations  that  have  to  be  observed.  A  high  explosives 
combustion  plant  has  been  running  smoothly  in  Saxony,  Germany,  since  mid- 
1994.^^ 


Table  1 

Thermal  Decomposition  of  Explosives 
Combustion  Enthalpy  (kJ/kg) 


Explosives 

Fuels 

TNT 

15,146 

WXD 

15,700 

FDX 

9,560 

CHARCOAL 

31,000 

HVIX 

9,883 

DIESEL  OIL 

43,960 

NC 

9,677 

ETHYLENE 

50,790 

N3 

6,761 

AMMONIA 

22,360 

OUTLOOK  AND  ASSESSMENT  OF  PROCESSES 

When  looking  at  the  Individual  processes  for  the  conversion  of  high 
explosives,  one  must  yield  to  a  variety  of  technical  and  commercial 
considerations.  Recycling  in  the  form  of  refuse  is  given  a  very  high  priority 
by  our  society,  but  has  to  remain  affordable.  Consequently,  its  use  is 
excluded  for  cheap  and  dangerous  products  and  comes  into  consideration  only 
for  expensive  high  explosives  like  HMX.  The  chemist's  dream  of  syntheses 
using  old  high  explosives  as  starting  materials  fails  because  of  the  immense 
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investments  required  to  build  facilities  for  the  conversion  of  these 
substances  and  because  of  the  surplus  of  products  found  on  the  world's 
markets. 

At  first  glance,  the  biological  decomposition  of  high  explosives  appears  to  be 
a  promising  idea.  It  is,  however,  very  expensive  as  it  must  start  with  pure 
substances  and  leads  to  product  compounds  that  are  very  difficult  to 
separate.  Controlled  burning  is  the  only  remaining  affordable  way  to  destroy 
high  explosives  extracted  from  old  ordnance.  The  summary  in  Table  2  shows 
that  the  desire  for  the  complete  protection  of  the  environment  and 
preservation  of  resources  is  not  always  economically  sensible  or  feasible. 


Table  2 


Disposal  of  Explosives 
Evaluation  of  Different  Processes 


Material 

Recycling 

Chemical 

Conversion 

Biological 

Degradation 

Burning 

High 

Explosives 

TNT 

#0 

#0 

#0 

#0 

RDX 

#0 

+  0 

+  0 

#0 

HVD( 

#0 

+  0 

- 

#0 

TNT/RDX 

#0 

#0 

+  0 

#0 

TNT/HMX 

#0 

#0 

■ 

#0 

Propellants 

NC 

- 

+0 

#0 

#0 

N3 

#0 

+0 

+  0 

#0 

AP 

#0 

+0 

- 

#0 

Single  Base 

+0 

+0 

+  0 

#0 

Double  Base 

- 

+0 

- 

#0 

Composite 

#0 

+0 

- 

#0 

Key  to  Symbols 

#  =  large  scale  production  possible 
+  =  feasible 
-  =  not  feasible 

0  =  useful  business  management 

0  =  not  useful  business  management 
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APPENDIX:  LIST  OF  TERMS 


Propellants  consist  of  different  high  explosives  and  are  sub-divided  into: 

Single  base  propellants:  Cellulose  nitrate  (nitrocellulose)  serves  as  the 
sole  energy  carrier.  A  radical  scavenger  (diphenylamine)  protects  against 
aging. 

Typical  composition: 

98%  Nitrocellulose  with  varying  nitrification  degrees  (11 .6  - 13.3%). 

2  %  Diphenylamine  as  radical  scavengers  for  NO2  radicals. 

Main  use:  propellant  for  small  calibered  munition. 

Double  base  propellants:  The  two  high  explosives  cellulose  nitrate 
(nitrocellulose)  and  glycerine  nitrate  (nitroglycerine)  serve  as  energy 
carriers. 

Typical  composition: 

50%  Nitrocellulose 
40%  Nitroglycerine 

1%  Copper  salicylate  (combustion  moderator) 

2.5  %  Lead  resorcinate  (combustion  moderator) 

2  %  2,4  dinitrodiphenlyamine  (radical  scavenger) 

4  %  Dl-n-propyladipate  (additive) 

0.5%  Potassium  kryolithe  KgAIFg  (flame  suppression) 

Main  use:  rocket  motors  for  military  purposes. 

Triple  base  propellants:  Three  energy  carriers  define  the  formulation. 

Typical  composition: 

50%  Nitrocellulose 
20%  Nitroglycerine 
20%  Nitroguanidine 
2%  Akardite  (diphenylmethyl  urea) 

0.5%  Potassium  kryolithe  (KsAIFg) 

Main  use:  propellant  for  large  caliber  munition. 

Composite  propellants:  In  contrast  to  the  homogeneous  single,  double 

and  triple  base  propellants,  composite  propellants  are  regarded  as 
heterogeneous.  They  consist  of  an  oxidizing  agent,  an  Inorganic  salt  and  a 
plastic  component  -  In  most  cases  this  is  a  polyurethane  which  acts 
simultaneously  as  binding  agent  and  as  fuel.  In  many  cases,  ferrous  oxides 
are  used  to  serve  as  a  combustion  moderator. 
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Typical  composition: 

85%  Ammonium  perchlorate 

13%  Polyurethane/hydroxy  terminated  polybutadiene  and  isophorone 
di  isocyanate 

2%  Ferrous  (111)  oxide 

Main  use:  military  and  civil  long  range  rocket  motors  (e.g.  space  shuttle 
propulsion). 

Oxygen  balance:  This  represents  the  percentage  of  oxygen  (in  percent  by 
weight)  available  during  detonation  upon  conversion  of  the  energetic 
material  into  H2O,  CO2,  NO2,  AI2O3  etc.  When  the  percentage  of  oxygen  bound 
in  the  high  explosive  is  insufficient  to  ensure  a  complete  conversion  this  is 
regarded  a  negative  oxygen  balance;  when  the  percentage  of  oxygen  is 
sufficient  or  is  in  excess,  this  is  regarded  a  positive  oxygen  balance. 

Examples: 

TNT  (C2H5O6N3)  -74.0  % 

Nitroglycerine  (C3H5O9N3)  +  3.5  % 

Ammonium  Nitrate  (NH4NO3)  +20.0% 
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COMMENTS 

B.N.  Kondrikov,  Mendeleev  University  of  Chemical  Technology,  Russia.  Ten 
years  ago  in  the  USSR  we  were  using  1.5-2  million  tons  of  commercial 
explosives  (including  0.2  million  tons  of  pure  TNT  and  0.3  -  0.4  million  tons 
TNT  mixed  with  ammonium  nitrate)  on  an  annual  basis.  We  are  still  using  a 
lot  of  TNT  and  gun  propellants  for  rock  blasting  in  Russia  despite  numerous 
difficulties.  The  0.3  million  tons  of  ammunition  to  be  demilitarized  in 
Germany  represents  an  explosives  consumption  of  three  months  for  our 
mining  industry.  The  use  of  demilitarized  ammunition  in  commercial 
explosives  is  not  a  dream  in  Russia,  It  is  reality. 

Authors  reply.  In  principle  it  is  possible  to  use  TNT  in  open  pit  mining. 
However,  I  cannot  agree  on  the  use  of  double  base  propellants  in  such 
operations  because  of  the  especially  toxic  dusts  (particle  size  <  1  micron)  of 
PbO,  CuO,  etc.  that  would  be  released  following  detonation. 
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BOILER  FUEL  AS  A  RECYCLING  OPTION  FOR  ENERGETIC  MATERIALS 


Larry  Baxter,  Sid  Huey,  Joel  Lipkin,  Devang  Shah, 
James  Ross,  and  Gian  Sclippa 

Combustion  Research  Facility,  Sandia  National  Laboratories 
Livermore,  CA  94550 


ABSTRACT:  This  investigation  addresses  the  combustion-related  aspects  of  the  reapplication  of 
energetic  materials  as  fuels  in  boilers  as  an  economically  viable  and  environmentally  acceptable  use  of 
excess  energetic  materials.  The  economics  of  this  approach  indicate  that  the  revenues  from  power 
generation  and  chemical  recovery  approximately  equal  the  costs  of  boiler  modification  and  changes  in 
operation.  The  primary  tradeoff  is  the  cost  of  desensitizing  the  fuels  against  the  cost  of  open 
bum/open  detonation  (OB/OD)  or  other  disposal  techniques.  Two  principal  combustion-related 
obstacles  to  the  use  of  energetic-material-derived  fuels  are  NOx  generation  and  the  behavior  of  metals. 
NOx  measurements  in  a  small  pilot-scale  combustor  were  obtained  as  a  function  of  fuel  composition 
and  operating  conditions  using  calibrated,  research-quality  NDIR  analysis  of  sampled  gases.  These 
data  indicate  that  the  nitrated  components  (nitrocellulose,  nitroglycerin,  etc.)  of  energetic  materials 
decompose  with  NOx  as  the  primary  product.  NOx  levels  are  sensitive  to  local  stoichiometry  and 
temperature  and  subject  to  the  same  controls  as  are  common  for  traditional  fuels.  Class  1.3  materials 
also  produce  higher  NO^  compared  to  traditional  fuels,  primarily  due  to  the  temperature  of  the  burning 
aluminum  particles.  The  behavior  of  inorganic  components  in  energetic  materials  tested  in  this 
investigation  could  lead  to  boiler  maintenance  problems  such  as  deposition,  grate  failure,  and  bed 
agglomeration.  The  root  cause  of  the  problem  is  the  potentially  extreme  temperature  generated  during 
metal  combustion.  While  these  behaviors  represent  important  considerations  for  the  reapplication  of 
energetic  materials  as  fuels,  none  is  insurmountable.  The  reuse  of  energetic  materials  as  fuels  is 
viewed  as  a  realistic  and  economical  alternative  to  OB/OD  and  most  other  technologies. 


INTRODUCTION 

Significant  amounts  of  energetic  material  (EM)  await  reapplication  or  reuse  in  the  US  and  abroad.  The 
institutions  primarily  responsible  for  this  material  include  US  DoD,  US  DOE,  NASA,  US  DOT  (Coast 
Guard),  explosives  and  propellant  manufacturing  companies,  and  corresponding  institutions  in 
countries  oAer  than  the  US.  The  sources  of  this  material  include  reduction  of  weapon  inventories 
(conventional  and  nuclear)  and  manufacturing  waste.  Definitive  estimates  of  the  total  amount  of 
material  are  not  available,  but  our  estimate  is  that  the  US  DOE  material  awaiting  disposition  is  3  million 
kg  and  growing  at  a  rate  of  50,000  kg/yr.  The  material  for  which  the  DoD  has  responsibility  is 
estimated  at  376  million  kg,  growing  at  a  rate  of  73  million  kg/yr.  In  addition  to  logistic  problems 
caused  by  this  stockpile,  compliance  and  negotiations  of  arms  control  agreements  with  the  States  of  the 
former  Soviet  Union  are  currently  being  affected  by  lack  of  an  appropriate  means  for  EM  reapplication. 
Environmentally  acceptable  means  of  disposing  of  this  material  have  not  yet  been  identified. 

Because  of  public  and  regulatory  concerns,  open  burning  and  detonation  of  these  materials  is 
becoming  increasingly  less  acceptable.  Since  disposal  costs  are  approaching  $2000  per  metric  ton, 
reapplication  of  this  material  in  a  manner  avoiding  disposal  fees  is  highly  desirable.  Potential 
reapplicadon  technologies  include  use  as  explosives  in  mining  and  excavation  and  processing  to 
withdraw  high-value  commercial  chemicals.  Some  of  these  processes  result  in  byproducts  that  could 
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be  used  as  boiler  fuels.  In  addition,  the  EM  can  be  converted  entirely  to  boiler  fuel  by  desensitization 
processes.  Such  fuels  are  hereafter  referred  to  as  EM-derived  fuel  (EMDF).  The  focus  of  this 
investigation  is  co-firing  EMDF  with  coal,  biomass,  or  other  fuels  in  boilers  or  industrial  furnaces. 
Recent  economic  analyses  indicate  that  such  a  process  could  compete  with  open  burning  and  open 
detonation  if  the  cost  of  preparing  EMDF  can  be  held  below  the  cost  of  open  burning  or  open 
detonation.  Revenues  from  chemical  recovery  and  power  generation  approximately  equal  costs  of 
boikr  modifications  and  maintenance  of  new  fuel  fcedlines  [Shah,  1994].  Many  of  these  facilities  are 
designed  to  bum  a  wide  variety  of  materials  such  as  grasses,  agricultural  wastes,  urban  wood  waste, 
and  coal,  and  have  feed  systems  that  accommodate  wide  fluctuations  in  fiiel  comjxjsition  and 
morphology.  Much  of  tte  EMDF  of  interest  could  be  handled  in  these  facilities  at  much  lower  cost 
than  current  disposal  processes  and  in  a  more  environmentally  benign  fashion  than  either  open  burning 
or  open  detonation.  Establishing  the  reapplication  of  energetic  materials  as  fuels  as  a  viable  technology 
option  depends  in  large  measure  on  characterizing  the  fuels  and  their  combustion  properties,  which  is 
the  focus  of  this  investigation. 


FUELS  AND  FACILITIES 

EMDF  describes  two  types  of  materials  produced  by  established  industrial  processes  and  distinguished 
largely  by  the  energetic  material  from  which  they  are  derived.  All  of  the  materials  are  rendered 
nonexplosive,  and  are  characterized  by  transportation  and  storage  hazards  similar  to  traditional  fuels, 
before  being  classified  as  EMDF.  EMDF  samples  formed  from  double-base  propellants  or  primary 
explosives  (Figure  1)  reported  here  are  generated  in  an  industrial  (Alliant  Techsystems  Inc.)  process 
that  results  in  an  emulsion  of  water  (~  30%),  kerosene  (~  65%),  and  energetic  material  (»  5%). 
EMDF  from  propellant  materials  is  derived  from  industrially  treated  rocket  motor  propellant  (Thiokol) 
as  moist,  porous  rubber  (polybutadiene)  with  imbedded  aluminum  and  small  amounts  of  residual 
ammonium  perchlorate.  Hazard  Classes  have  been  developed  to  use  as  a  guide  in  transport  and 
storage  of  these  materials.  Primary  explosives  are  in  Hazard  Class  1.1  whereas  solid  propellants  are 
generally  in  Hazard  Class  1.3.  While  the  classes  were  originally  intended  to  distinguish  the  materials 
based  on  handling  and  storage  properties,  they  are  useful  in  their  chemical  distinction  as  well  and  are 
used  here  to  classify  the  materi^  according  to  combustion  behavior.  Both  forms  of  EMDF  have  little 
in  common  with  the  materials  from  which  they  are  derived.  The  properties  of  these  fuels  are  discussed 
separately. 


Primary  Explosives  and  Double-Base  Propellants 

Some  potential  combustion  issues  associated  with  these  materials  can  be  appreciated  by  examining 
their  cheimcal  structures,  as  are  illustrated  in  Figure  1.  Tb&  materials  for  which  data  are  later 
presented  include  emulsions  of  nitroglycerin  and  nitrocellulose,  both  of  which  are  illustrated  in  the 
figure.  The  forms  of  nitrogen  in  explosives  or  double-base  propellants  (Hazard  Class  1.1  materials) 
are  predominately  either  nitrate  groups  or  in  physical  proximity  to  nitrate  groups.  This  contrasts  with 
nitrogen  in  traditional  fuels,  which  is  dominated  by  pyrolhc  and  pyridinic  nitrogen  in  coal,  for 
example,  (also  illustrated  in  the  figure).  The  tendency  for  EMDF  to  form  NOx  will  be  shown  to  be 
much  higher  for  EMDF  than  for  traditional  fuels,  and  tl^se  chemical  differences  are  believed  to  be  the 
primary  cause  of  the  observed  differences  in  effluent  NOx  concentrations. 

A  second  major  difference  in  the  chemical  structures  of  explosive  and  double-base  propellant  EMs 
compared  with  traditional  fuels  is  the  high  oxygen  concentration  of  the  former.  These  high  oxygen 
contents  affect  important  combustion  properties  such  as  heating  value  (Figure  2),  amount  of  required 
excess  air,  and  stability/storage.  The  heating  value  results  can  be  misleading.  Standardized  heating 
value  analyses  are  based  on  energy  content  of  the  fully  oxidized  material  j:«r  unit  mass  of  fuel.  In  the 
case  of  EM,  most  of  the  oxidizer  is  contained  in  the  sample.  A  more  insightful  comparison  is  the 
energy  content  (designated  EC  in  the  figure),  in  which  we  normalize  everything  by  the  mass  of  fiiel 
plus  oxidizer.  The  energy  content  is  a  better  indicator  of  relative  combustion  properties  such  as  flame 
temperature  than  is  the  heating  value.  Assuming  air  is  used  as  the  oxidizer,  the  energy  content  values 
for  oil  and  coal  are  approximately  3.0  and  2.8  MJ/kg,  respectively,  whereas  TNT  and  RDX  are 
approximately  3.6  and  4.6  MJ/kg,  respectively. 
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Figure  2.  Heating  values  of  traditional  fuels  compared  with  energetic  materials. 
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All  EMDFs  used  in  this  investigation  are  blended  with  other  fuels  or  are  chemically  altered  so  as  to 
produce  more  stable  materials.  In  addition,  EMDF  use  is  envisioned  as  a  component  (=  10%)  of  a 
feed  stream  containing  predominately  traditional  fuels.  In  general,  the  EMDFs  potentially  contribute  as 
much  or  slightly  more  energy  to  a  combustion  system  as  traditional  fuels. 


Rocket  Motor  Propellant  Binder 

A  second  major  class  of  fuel  is  derived  from  processed  rocket  motors.  These  typically  are  obtained 
from  ammonium-perchlorate-based  propellant  binders.  Ailer  ammonium  perchlorate  (AP)  is  extracted 
through  water  washing,  the  residual  binder  is  used  as  a  fuel.  The  binder  is  typically  polybutadiene, 
often  with  as  much  as  65%  aluminum  imbedded  in  die  form  of  30  pm  or  smaller  particles.  Residual 
AP  in  the  fuel  is  less  than  10%,  with  3%  being  a  representative  amount.  Die  fuel  also  retains 
significant  (~  25%)  moisture  from  the  washout  process.  The  primary  combustion  issues  associated 
with  this  fuel  include  pollutant  formation  and  the  behavior  of  the  aluminum. 

In  comparison  to  the  double-base  materials,  NOx  emissions  from  this  fuel  are  expected  to  be  lower  and 
to  arise  less  from  fuel  NOx  mechanisms  and  more  by  theraial  and  prompt  mechanisms.  The  only 
nitrogen  in  the  fuel  is  from  the  residual  AP,  which  would  amount  to  less  than  0.4%  N  in  a  typical 
formulation  (3%  AP  residual  in  fuel)  as  opposed  to  «  1-2%  N  in  double-base  materials  (5%  EM  in 
emulsion).  The  nitrogen  present  also  is  less  likely  to  form  NOx  because  of  its  chemical  form. 


The  behavior  of  the  aluminum  in  the  fuel  poses  a  potential  equipment  problem.  Aluminum  melts  at  a 
relatively  low  temperature  (660  °Q  and  bums  at  potentially  high  temperatures  (adiabatic  flame 
temperature  >  3000  °C),  tj^icaUy  established  in  picKitice  by  mass  transfer  limitations  and  gas 
dissociation.  These  characteristics  illustrate  the  potential  for  molten  aluminum  forming  ash  deposits  or 
oxidizing  aluminum  damaging  components  of  a  boiler  due  to  the  extreme  temperature. 


Figure  3.  Schematic  diagram  of  Sandia’s  Multifuel  Combustor. 
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Combustion  Facilities 

Most  of  the  data  reported  herein  were  collected  from  Sandia’s  Multifuel  Combustor  (MFC,  Figure  3). 
The  MFC  is  a  two-story,  small  pilot-scale  (-100,000  Btu/hr,  depending  on  fuel  type)  facility  that 
simulates  the  local  environment  to  which  fuel  particles  are  exposed  as  they  pass  through  commercial- 
scale,  entrained-flow  combustion  systems.  Fuel  is  inserted  through  any  of  a  series  of  ports  along  the 
length  of  the  combustor,  allowing  variation  of  residence  time  from  a  few  milliseconds  to  4-5  seconds. 
The  combustor  wall  temperature  in  each  of  the  modular  sections  is  independently  controllable  up  to 
1400  °C  in  sustained  tests.  The  MFC  allows  experiments  to  be  performed  under  well-known  and  well- 
controlled  conditions  while  simulating  most  of  the  important  characteristics  of  commercial-scale  boilers 
fired  with  solid,  liquid,  or  gaseous  fuels.  Particle  and  gas  residence  times,  temperature  histories,  and 
local  stoichiometry  histories  are  independently  controllable  in  the  MFC. 

In  addition,  experiments  were  conducted  on  a  low-density  mat  of  alumina  fibers  suspended  in  a 
laminar  flow  of  combustion  gases  in  Sandia’s  Char  Combustion  Laboratory  (CCL)  using  the  captive 
particle  imaging  (CPI)  system.  This  system  monitors  individual  particle  behavior  for  particles  at  least 
80  p.m  in  diameter.  Particle  temperature  is  also  monitored  throughout  the  particle  combustion  history. 


RESULTS  AND  DISCUSSION 

The  issues  and,  in  particular,  the  mechanisms  of  formation  associated  with  Hazard  Class  1 . 1  and 
1.3  materials  are  quite  different  and  are  discussed  separately. 

Fuels  Derived  from  Hazard  Class  1.1  Energetic  Materials 
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Figure  4.  NOx  emissions  from  double-base  energetic  material  as  a  function  of  exit  02  concentration, 
presence  of  energetic  material,  and  combustion  air  to  atomizing  air  flow  rates. 

Figure  4  summarizes  NOx  data  for  the  double-base  EMDF  under  different  operating  conditions  and  as 
a  function  of  exit  O2  concentration.  Data  from  samples  of  the  emulsion  containing  EM  are  compared 
with  data  from  identically  prepared  material  without  EM.  The  base  case  (without  Eh^  indicates  less 
than  20  ppmv  NOx  under  all  conditions.  The  EMDF  comprises  5  %  of  a  mixture  of  nitroglycerin  and 
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nitrocellulose  in  64%  kerosene,  35%  water,  and  1%  surfactant.  It  was  fired  at  two  different 
combustion  air  to  atomizing  air  ratios,  as  indicated.  NOx  samples  were  collected  after  complete 
combustion  and  about  1.9  s  gas  residence  time  at  a  temperature  of  800  X!  at  the  collection  point.  Data 
are  shown  as  measured  (solid  symbols)  and  on  a  3%  oxygen  basis  (open  symbols). 

The  data  indicate  high  NOx  emissions,  as  expected,  with  NOx  decreasing  with  increasing  atomizing  air 
flowrates.  The  trends  are  consistent  with  NOx  chemistry  [Bowman,  1991],  but  the  magnitudes 
provide  interesting  contrast  to  traditional  flames.  The  increase  in  observed  NOx  concentrations  with 
the  inclusion  of  energetic  material  in  tl^  emulsion  attests  to  the  efficient  conversion  of  EM-bound 
nitrogen  to  NOx-  These  data  represent  total  NOx  measurements.  Our  measurements  of  NO2  vs  NO 
indicate  that  at  this  temperature  the  NO  accounts  for  over  90%  of  total  NOx. 

These  results  suggest  nearly  quantitative  conversion  of  fuel  nitrogen  to  NOx,  with  subsequent  reaction 
of  a  portion  of  the  NOx  to  form  molecular  nitrogen  or  N2O.  This  behavior  is  in  stark  contrast  with 
NOx  formation  from  most  nitrogen-containing  fuels.  Specifically,  NOx  formation  from  most  fuels 
proceeds  through  a  reaction  pathway  involving  HCN  as  an  intermediate  and  with  overall  conversion 
favoring  molecular  nitrogen.  These  data  indicate  formation  of  NOx  directly  during  thermal 
decomposition  of  nitrocellulose  and  nitroglycerine,  without  proceeding  through  HCN  or  other 
intermediates  and  with  very  high  (nearly  1(X)  %)  conversion  efficiencies  to  NOx.  This  nitrogen 
chemis^  asp^t  of  the  combustion  behavior  of  EMDFs  set  it  apart  from  essentially  all  other  nitrogen- 
containing  solid  fuels.  These  results  are  consistent  with  thermal  decomposition  data  on  RDX  and 
HMX  [Behrens  Jr.,  1990;  Behrens  Jr.  and  Bulusu,  1991;  Behrens  Jr.  and  Bulusu,  1992a;  Behrens  Jr. 
and  Bulusu,  1992b]. 

A  schematic  illustration  of  the  formation  of  NO,,  from  EMDF  is  presented  in  Figure  5  and  contrasted 
with  the  traditional  chemistry  of  fuel  nitrogen.  As  seen,  NO2  and  NO  are  primary  products  of  nitrate 
decomposition  in  energetic  materials.  These  compounds  often 
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Figure  5.  Illustration  of  the  kinetic  pathway  of  NO,,  formation  from  nitrate  functional  groups  in 
energetic  materials,  as  contrasted  with  traditional  (fossil)  fuel  nitrogen.  All  reactions  are  assumed  to 
reversible  and,  in  the  case  of  EMDF,  the  traditional  pathways  to  NO,^  formation  is  partially  reversed. 
The  arrowheads  are  used  to  indicate  the  direction  of  reaction  for  typical  fossil  fuels  (solid  lines)  and 
EMDF  (dashed  line). 
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Fuels  Derived  from  Hazard  Class  1.3  Energetic  Materials 

Figure  6  illustrates  similar  data  for  the  polybutadiene  material  mixed  with  coal  at  several  mass  ratios. 
In  its  raw  form,  the  binder  material  is  a  porous,  adherent,  rubber  material  that  is  exceptionally  difficult 
to  handle.  It  cannot  be  maintained  at  reasonably  small  particle  sizes  without  coating  it  with  a  powder 
or  similar  material  to  prevent  reagglomeration.  In  these  experiments,  we  used  pulverized  coal  (utility 
grind  70%  through  200  mesh)  as  the  powder.  The  dominant  source  of  fuel  nitrogen  in  this  experiment 
was  the  coal. 
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Figure  6.  NOx  emissions  from  propellant  binder  material  blended  with  coal  as  a  function  of  exit  02 
concentration  and  blend  ratio. 


The  data  in  the  figure  illustrate  increasing  NO^  concentrations  with  increasing  fraction  of  energetic 
material  derived  fuel  in  the  blend.  The  coal  contains  approximately  1,2%  nitrogen  by  mass  whereas  the 
energetic  material  contains  just  trace  amounts  of  residue  ammonium  perchlorate.  The  data  suggest  that 
the  dominant  mechanisms  of  NO^  formation  does  not  involve  the  fuel  nitrogen.  The  aluminum 
particles  in  the  binder  attain  temperatures  higher  than  those  found  in  any  fossil  fuel  combustion  process 
under  similar  conditions.  Experiments  in  both  the  MFC  and  the  CCL  indicate  that  aluminum  particle 
temperatures  exceed  2300  °C  under  typical  combustion  conditions.  In  the  captive  particle  imaging 
system,  temperatures  are  measured  optically  and  calibrated  with  a  blackbody  system.  The  highest 
temperature  we  could  achieve  in  the  blackbody  was  1700  °C,  establishing  the  high  limit  of  our 
temperature  monitoring  capability.  Experiments  were  conducted  in  environments  with  oxygen 
concentrations  ranging  from  1%  O2  to  20%  O2.  Under  all  conditions,  the  particle  temperature 
exceeded  the  upper  limit  of  our  diagnostic.  During  12%  O2  experiments  in  the  CPI,  the  particles 
melted  through  the  alumina  mat  used  to  hold  them.  The  AI2O3  melting  point  is  approximately  2000  °C, 
depending  on  crystalline  structure.  At  6%  O2,  the  temperature  was  again  higher  than  1700  °C,  but  the 
particles  did  not  melt  through  the  mat.  Coating  of  particles  with  coal  reduced  their  temperatures,  but 
never  below  1700  °C.  Observations  at  the  remaining  oxygen  concentrations  were  made  in  the  MFC 
and  particle  temperatures  were  high  judging  from  particle  emission,  but  particles  were  not  stationary 
during  individui  shutter  cycles  so  no  reliable  temperature  estimate  could  be  made.  These  high 
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temperatures  are  believed  to  induce  significant  NOx  formation  through  thermal  and  prompt 
mechanisms  in  the  particle  boundary  layer.  The  precise  amount  of  the  NOx  recorded  in  Figure  5 
associated  with  non-fuel  NOx  is  difficult  to  determine,  but  it  should  slightly  exceed  the  difference 
between  the  pure  coal  case  and  the  two  cases  in  which  energetic  material  derived  fuel  was  used. 
Combustion  conditions  were  nominally  identical  for  all  three  cases. 

Observed  NOx  concentrations  are  much  lower  as  compared  to  double-base  material  (Figure  4), 
consistent  with  the  lower  nitrogen  content  of  the  fuel  and  the  mode  of  occurrence  of  nitrogen.  An 
interesting  observation  is  that  the  NOx  levels  observed  for  the  double -base  material  exceed  equihbrium 
NOx  at  the  prevailing  oxygen  concentrations  even  at  the  highest  anticipated  flame  temperatures  (14(X) 
°C)  of  the  system.  This  suggests  that  the  decomposition  of  the  energetic  material  proceeds  through  a 
primary  product  of  NO,  creating  super-equilibrium  concentrations  of  NO  throughout  the  flame.  This 
is  in  contrast  to  traditional  flames,  where  NOx  concentrations  are  below  their  equilibrium  values  in  the 
early  stages  of  flame  development  and  in  the  flame  front  itself  The  NOx  data  from  the  binder  appear 
much  more  consistent  with  traditional  fuel  behavior  [Bowman,  1992]. 

The  MFC  results  also  indicated  that  molten  aluminum  particles  exist  in  flows  well  after  1.5  s  of 
residence  time.  This  sustained  presence  of  molten  material  presents  some  deposition  threat  to  the 
system.  In  addition,  the  large  amount  of  inorganic  material  in  the  fuel  (60%  iuminum  by  weight) 
could  overwhelm  particulate  cleanup  systems  if  a  high  percentage  of  EMDF  were  fired  in  a  boiler. 

NOx  emissions  from  energetic  materials  and  the  potential  for  particle  deposition  and  damage  to  grates 
or  odier  equipment  from  aluminum  arc  genuine  concerns  in  the  reapplication  of  energetic  materials  as 
fuels,  but  both  issues  can  be  managed  by  blending  the  EMDF  with  other  fuels  and  by  judiciously 
choosing  the  boiler  design  and  operating  conditions  with  which  to  treat  the  material.  In  particular, 
NOx  emissions  in  a  10%  blend  of  EMDF  with  traditional  fuel  would  be  treatable  using  existing 
technology  on  many  biomass  and  coal  boilers,  ammonia  injection  being  the  most  common.  It  is  not 
clear  that  NOx  emissions  would  be  as  controllable  using  low  NOx  burners  as  with  coal  since  the  data 
suggest  that  the  nitrogen  quantitatively  converts  to  NO  during  thermal  decomposition.  If  this  is  the 
case,  the  greatest  reduction  would  be  achieved  by  accelerating  the  NOx  reduction  kinetics  in  and  near 
the  flame.  Aluminum-containing  fuels  may  best  be  used  in  entrained-flow  facilities  rather  than  on 
grates  due  to  their  extremely  high  combustion  temperatures.  However,  the  difficulty  of  reducing  the 
particle  size  to  entrainable  values  complicates  its  use  in  entrained  flow  systems.  The  ash  formed  after 
complete  combustion  is  benign  and  should  not  pose  a  problem  for  any  combustor  except  for  its 
quantity. 

In  addition  to  NOx  issues  and  the  behavior  of  aluminum,  the  possible  formation  air  toxics  are  an  issue 
for  the  combustion  of  energetic  material-derived  fuels.  The  air  toxics  are  conveniently  discussed  in  the 
categories  of  inorganic  and  organic  toxics  and  are  delineated  in  the  1990  amendment  to  the  Clean  Air 
Act  [1989].  Inorganic  toxics  of  relevance  to  combustion  of  energetic  material  derived  fuels  include 
beryllium,  lead,  and  trace  or  impurity  amounts  of  the  remaining  toxic  inorganics.  We  have  analyzed 
representative  samples  of  energetic  materids  for  their  total  inorganic  concentrations  using  nixetron 
activation  analysis  (NAA),  The  concentrations  are  near  or  below  detection  limits  for  all  of  the 
compounds  and  samples  analyzed  thus  far,  none  of  which  include  either  lead  or  beryllium  as 
intentionally  added  materials.  EMDFs  containing  either  lead  or  beryllium  in  more  than  impurity 
concentrations  (ppm  or  less)  are  poor  candidates  for  use  as  fuels. 

(>g^c  air  toxics  of  principle  concern  include  chlorinated  aromatic  hydrocarbons  in  the  forms  of 
dioxins,  furans,  pebs  or  their  precursors.  There  is  a  possibility  of  the  formation  of  these  compounds 
when  fuels  including  residual  chlorine  are  used,  such  as  binders  from  ammonium-perchlorate-based 
rocket  motors.  Because  chlorinated  aromatic  compounds  are  rare  in  tiie  fuel,  the  formation  of  the 
compounds,  if  any,  would  occur  as  combustion  gases  cool  in  the  post-flame  environment.  This  issue 
has  been  addressed  for  incineration  of  these  materials  [Biagioni  Jr.,  1994],  but  has  not  been  addressed 
in  combustion  or  power  generation  systems.  In  incinerators,  the  total  production  of  furans  and  dioxins 
was  below  regulatory  limits.  We  anticipate  similar  results  for  combusiton  systems  and  are  continuing 
work  in  this  area. 
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CONCLUSIONS 


The  potential  for  reapplication  of  excess  energetic  materials  as  boiler  fuels  has  been  economically  and 
experimentally  explored.  The  economics  suggest  that  the  cost  of  such  disposal  techniques  could  be 
approximately  equivalent  to  the  cost  of  constructing  and  operating  the  facility  that  removes  the  material 
and  desensitizes  it.  Revenues  gained  from  power  generation  and  chemical  recovery  are  approximately 
equal  to  expenses  of  boiler  modifications  and  operation  of  new  feedlines. 

Combustion  issues  include  the  formation  of  pollutants,  especially  NOx,  and  the  behavior  of  aluminum. 
NOx  emissions  from  combustion  of  double-base  material  are  notably  higher  than  from  combustion  of 
traditional  fuels  with  similar  nitrogen  contents.  Essentially  all  of  this  NOx  is  formed  through  fuel- 
bound  NOx  mechanisms.  The  data  suggest  that  thermal  decomposition  of  the  EMDF  leads  to 
essentially  quantitative  formation  of  NOx  from  fuel  nitrogen,  unlike  traditional  fuels.  Nevertheless,  the 
NOx  should  be  treatable  by  the  same  down-stream  treatment  techniques  as  are  effective  with  other 
fuels,  i.e.,  selective  noncatalytic  reduction  by  injecting,  for  example,  ammonia.  When  blended  with 
traditional  fuels,  NOx  emissions  from  double-base  materials  will  not  be  prohibitive. 

NOx  emissions  from  propellant  binders  are  much  lower  than  for  double-base  materials,  but  still  are 
appreciable.  The  data  suggest  much  greater  contributions  from  thermal  and  prompt  mechanisms, 
possible  because  of  extremely  high  ^uminum  particle  temperatures.  These  issues  are  also  not 
prohibitive  if  the  EMDF  is  blended  in  modest  quantities  with  traditional  fuels. 

Management  of  the  inorganic  portions  of  some  EMDFs  may  pose  potential  deposition  and  equipment 
problems.  Aluminum  particles  attain  high  temperatures,  well  above  their  melting  points,  ^d  remain  at 
high  temperatures  for  1 .5  s  or  more,  which  is  long  compared  to  residence  times  available  in  the  furnace 
sections  of  most  commercial  boilers.  Extreme  temperatures  of  aluminum  particles  could  pose  some 
hazard  to  grates  and  kilns,  where  they  are  in  potential  intimate  contact  with  surfaces.  In  our 
experiments,  aluminum-containing  EMDFs  exposed  to  greater  than  12%  02  melted  though  alumina 
fibers  on  a  mat.  Careful  management  of  the  fuel  on  a  grate  or  in  a  kiln  or  combustion  in  suspension 
may  prevent  damage  to  systems  at  commercial  scale.  The  large  quantities  of  aluminum  (60%  of  fuel 
mass)  in  many  EMDFs  could  potentially  overwhelm  particle  cleanup  devices,  even  though  the  particles 
tend  to  form  large  and  easily  collected  fly  ash.  These  issues  could  be  managed  by  limiting  the  fraction 
of  EMDF  in  the  blended  boiler  fuel. 
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COMMENTS 


H.  Krause,  Fraunhofer-Institut  fur  Chemische  Technologic  (ICT),  Germany.  Our  data  suggest 
overall  conversion  efficiencies  of  nitrate  groups  of  1/10  for  neat  nitrocellulose  and  1/3  for  neat  TNT, 
both  at  soichiometric  ratio  of  1.5  and  2.0  (fuel  lean).  These  are  lab-scale  experiments  using  10-150  g 
of  material  and  using  a  methane-air  flame  to  stabilize  the  combustor. 


Author’s  reply.  The  data  between  our  laboratories  are  probably  consistent.  We  do  believe  that 
virtually  every  nitrate  group  forms  an  NO,^  compound  as  an  initial  product  during  decomposition  in  a 
combustion  environment,  and  this  is  consistent  with  fundamental  MBMS  investigations  as  cited. 
However,  the  fate  of  the  NO,^  compound  is  determined  by  the  same  complex  gas-phase  chemistry  as 
characterizes  traditional  NO^  behavior.  In  particular,  heavily  nitrated  compounds  will  easily  exceed  die 
equilibrium  gas-phase  NO^  concentrations  during  combustion,  resulting  in  the  kinetics  going 
backwards  from  the  traditional  view  and  destroying  NO^  as  it  drives  toward  equilibrium.  As 
temperatures  drop,  these  kinetics  slow  and  the  ultimate  exit  NO^  concentration  is  determined  by  the 
relationship  between  kinetics  (temperaturc/stoichiometry  driven)  and  temperature  history/rcsidence 
time.  The  data  presented  in  our  investigation  indicate  final  nitrogen  conversion  efficiencies  ranging 
from  0.3  to  0.9,  depending  on  stoichiometry  and  residence  time.  This  was  using  fuels  sometimes 
contaimng  less  than  5%  energetic  material.  If  we  used  neat  fuels,  the  absolute  NOx  concentrations 
would  be  higher  but  the  conversion  efficiencies  would  be  much  lower  (we  have  demonstrated  this  by 
testing  different  concentrations  of  TNT  in  toluene),  I  believe  our  data  are  possibly  consistent  with 
your  data.  We  are  confident  in  our  results  in  any  case. 
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ABSTRACT:  Universal  Tech  Corporation,  has  achieved  considerable  success  in  the  area 
of  recycling  excess  and  demilitarized  energetic  materials.  The  recycling  of  these  materials 
into  commercial  explosive  formulations  for  use  in  mining  and  quarrying  has  proven  to  be  a 
viable  option  for  handling  excess  and  demilitarized  energetic  materials.  The  focus  of  this 
paper  will  be  on  describing  the  Propellant/Explosive  Evaluation  Model  (PEEM),  which 
Universal  Tech  utilizes  when  developing  a  recycling  method  for  a  particular  energetic 
material.  In  particular,  details  will  be  given  concerning  the  results  of  a  study  project  which 
Universal  Tech  conducted  for  Sandia  National  Laboratories.  In  this  study  project,  Sandia 
provided  Universal  Tech  with  cryogenicalty  downsized  particles  of  two  rocket  propellants. 
Universal  Tech  successfully  developed  commercial  explosive  formulations  using  both  of  the 
propellants. 


INTRODUCTION 

For  many  years,  the  most  common  disposal  method  of  energetic  materials  has  been  open 
buming/open  detonation  (OB/OD).  Examples  of  more  modem  methods  of  disposal  are 
incineration,  thermal  treatment,  ingredient  reclamation  and  biodegradation.  Each  of  these 
methods  are  disposal  techniques  for  a  hazardous  waste  material.  They  each  require 
expensive  permitting  and  operational  costs  as  well  as  carrying  less  than  favorable  public 
opinion.  The  presented  study  describes  the  Propellant/Explosive  Evaluation  Model 
(PEEM),  which  Universal  Tech  uses  to  evaluate  energetic  materials  for  recycling 
applications.  Specific  results  are  given  from  a  study  performed  in  cooperation  with  Sandia 
National  Laboratories  in  which  two  solid  propellants  were  evaluated  for  use  in  commercial 
explosive  formulations.  The  results  presented  herein  indicate  that  the  incorporation  of  both 
types  of  propellants  as  ingredients  in  commercial  explosive  formulations  proved  to  be  a 
safe,  inexpensive  (as  compared  to  other  methods)  and  environmentally  sound  method  for 
the  alternate  use  of  the  materials. 
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DESCRIPTION  OF  COMMERCIAL  EXPLOSIVES  STUDIED 


Universal  Tech  Corporation  possesses  considerable  expertise  in  the  field  of  watergel  slurry 
explosives.  It  is  estimated  that  300-350  million  pounds  of  watergel  slurry  explosives  are 
used  in  the  United  States  each  year.  The  work  Universal  Tech  has  done  with  energetic 
materials  recycling  has  been  focused  in  the  watergel  slurry  arena.  A  list  of  the  typical 
ingredients  used  in  watergel  slurry  formulations  appears  below. 

Watergel  Slurries 


Ingredients 


Use 


Ammonium  Nitrate 
Sodium,  Calcium  Nitrate 
Methylamine  Nitrate 
Hexamethylenetetramine 
Aluminum  (Coarse,  Atomized) 

Ethylene  glycol 
Water 
Guar  Gum 

Ammonium,  Potassium,  Sodium  Perchlorate 
Glass  Microspheres 


Oxidizer 
Oxidizer 
Sensitizer.  Fuel 
Sensitizer,  Fuel 
Fuel,  Sensitizer 
Fuel 

Fluidizer 
Gelling  Agent 
Oxidizer,  Sensitizer 
Sensitizer 


The  production  of  a  watergel  slurry  explosive  is  a  relatively  simple  process  which 
incorporates  two  basic  steps.  First,  a  Mother  Solution,  or  liquid  phase,  (which  normally 
constitutes  30-60%  of  the  final  product)  is  produced.  The  second  step  involves  the 
blending  of  the  Mother  Solution  with  any  additional  dry  oxidizer  (nitrate)  salts,  aluminum 
powders  (if  necessary)  and  gelling+crosslinking  agents.  The  blending  process  is  utilized  to 
homogenize  the  mixture  and  most  Importantly  to  entrain  air  into  the  mixture  (unless 
chemical  gassing  is  used).  Air  is  entrained  until  the  desired  density  of  the  product  is 
achieved.  When  ready  to  package,  the  mixture  has  the  consistency  of  thick  oatmeal  which 
is  easily  pumped  into  packages.  The  required  equipment  consists  of  temperature  controlled 
liquid  storage  tanks,  oxidizer  (nitrate)  storage  bins,  a  mixing  chamber,  and  packaging 
equipment.  The  process  Is  easily  made  to  be  closed-loop  with  no  effluents  being  presented 
for  treatment  or  disposal.  All  scrap  or  off-spec  materials  are  recycled  as  is  any  wash  water 
which  might  be  generated.  The  production  process  can  be  made  modular,  completely 
contained  and  is  inexpensive  to  capitalize.  Production  facilities  can  easily  be  established  in 
the  same  area  as  the  demilitarization  operation  to  increase  the  economy  of  the  approach. 


PROPELLANTfEXPLOSIVE  EVALUATION  MODEL 

The  evaluation  of  a  particular  energetic  material  for  use  as  an  ingredient  follows  a  simple 
mode!,  which  has  come  to  be  called  the  PropellanVExplosive  Evaluation  Model  (PEEM). 
The  PEEM  is  described  as  follows: 
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Step1.  Initial  Safety  Review 

This  step  is  accomplished  by  reviewing  all  available  safety  and  sensitivity  test  data  for  the 
energetic  material.  This  information  is  used  to  do  an  informal  hazards  analysis  and  to 
ensure  that  all  following  work  will  be  done  in  a  safe  manner. 


Step  2.  Laboratory  Formulation 

In  a  controlled  laboratory  setting  and  In  less  than  1000  gram  batches,  several  preliminary 
screening  tests  are  conducted.  The  efforts  include  tests  for  1)  chemical  compatibility 
between  the  ingredients  of  the  watergel  slurry  formulation  and  the  energetic  materia!  as  well 
as  any  processing  intermediates  and  the  energetic  material,  2)  thermal  stability  at,  75®C  as 
a  check  for  any  undesirable  high  temperature  reactions,  3)  mixing  rheology  as  a  check  of 
the  formulations  producability  based  on  the  particle  size  and  level  of  incorporation  of  the 
energetic  material. 


steps.  Safety  Tests 

This  step  includes  the  safety  testing  of  the  energetic  material,  any  processing  intermediates 
which  would  be  involved  with  the  production  of  the  final  product,  and  the  final  blended 
product.  The  data  from  these  tests  are  used  as  indicators  for  the  development  of  safe 
handling,  storage  and  processing  practices.  They  also  allow  for  process  safety 
management  decisions  to  be  made. 


Step  4.  Pilot  Plant  Scale-Up 

In  this  step,  efforts  are  scaled-up  to  100  kg  batches  of  the  candidate  formulations,  which 
were  developed  in  the  previous  laboratory  scale  efforts.  The  scale-up  mixing  is  done  to 
observe  for  any  differences  between  the  small  scale  batches  and  the  larger  batches  in  the 
area  of  rheology.  Once  completed,  the  pilot  plant  scale  batches  are  tested  for  explosive 
characteristics,  such  as  unconfined  velocity  of  detonation,  critical  diameter,  cold 
temperature  sensitivity  (to  initiation)  and  underwater  energy  release.  These  tests  are 
conducted  on  the  freshly  made  batches  as  well  as  aged  portions  of  the  batches.  This  step 
Is  where  the  optimization  work  is  done,  which  results  in  the  best  possible  formulation  for 
using  a  particular  energetic  material  with  the  factors  of  production,  end-use,  market 
development,  economics  and  others  being  considered. 


Step  5.  Department  of  Transportation  Shipping  Classification  Tests 

This  step  is  required  for  all  new  explosive  formulations  in  the  United  States.  It  is  required 
that  a  series  of  tests  be  conducted  to  determine  the  shipping  classification  of  the  new 
explosive.  These  tests  are  listed  in  the  49  CFR  and  described  in  the  United  Nations  Test 
Manual^  for  the  Transport  of  Hazardous  Goods. 
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Step  6.  Production  Scale-Up 


This  step  involves  the  scale-up  to  full  production  of  the  propellant/explosive  blended 
products.  Observations  as  to  rheology  and  producability  are  made.  The  scaled-up 
products  are  then  taken  to  the  field  and  tested  in  actual  production  blasts  at  a  working  mine. 


TEST  DESCRIPTION/RESULTS  ON  SANDIA  NATIONAL  LABORATORIES  PROJECT 

On  May  12,  1995,  UTeC  received  samples  of  two  propellant  types  from  Sandia  National 
Laboratories.  The  propellant  samples  were  submitted  for  the  development  and 
demonstration  of  recycling  applications  in  commercial  blasting  explosives.  For  the  purpose 
of  this  paper,  the  samples  will  be  called  Propellant  A  and  Propellant  B.  The  propellants 
were  originally  used  in  two  different  tactical  missiles.  The  propellants  were  derived  from  a 
cyrocycling  process,  which  Sandia  had  been  developing  In  cooperation  with  Global 
Environmental  Solutions,  Inc..  In  order  to  successfully  conduct  this  work,  UTeC  utilized  the 
Propellant/Explosive  Evaluation  Model  mentioned  above. 


1.0  Initial  Safety  Review 

The  results  of  the  Initial  Safety  Review  were  conclusive  in  establishing  the  fact  the  each 
propellant  was  a  double  base  propellant  containing  certain  quantities  of  nitroglycerin  and 
nitrocellulose.  The  particle  size  of  the  propellant  particles  was  such  that  they  were  suitable 
for  use  with  no  further  downsizing  required.  Past  work  with  other  double  base  propellants 
indicated  that  some  incompatibility  could  exist  between  the  nitroesters  and  the 
hexamethylenetetramine  (hexamlne),  which  is  normally  used  in  Universal  Tech’s  products 
as  a  fuel  ingredient.  No  other  safety  concerns  or  hazards  were  identified  that  would  have 
hindered  subsequent  efforts.  Therefore  the  second  step  of  the  Propellant  Evaluation  Model 
was  began. 


2.0  Laboratory  Formulation 

A  simple  particle  size  check  using  standard  sieve  analysis  showed  each  propellant  to  have 
been  broken  into  0.25  to  1.75  cm  chunks  by  the  cryocycling  process.  Transparent  pieces  of 
case  liner  with  an  amber  tint  were  observed  in  the  drums  of  each  propellant.  Initially,  the 
oxygen  balance  (approximate)  of  each  propellant  was  calculated  based  upon  the  major 
components.  From  this  approximation,  It  was  observed  that  both  propellants  had  similar 
oxygen  balance  values.  Using  an  oxygen  balance  value  of  -23gO2/100g,  formula 
calculations  were  made  using  the  propellants  at  equal  values.  These  formulations  were 
calculated  in  a  manner  which  used  the  complete  fuel  value  of  the  propellants.  Formulations 
containing  20%,  30%  and  40%  of  each  propellant  were  calculated.  Formulations  containing 
hexamine  and  ethylene  glycol  were  calculated.  Table  I  lists  the  initial  formulations. 
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TABLE  I 

Formulations  for  Laboratory  Scale  Development.  Values  shown  are  percent  by  weight. 
Ethylene  glycol  Based  Formulations 


Inaredient 

Standard 

20% 

Prpint 

30% 

Proint 

40% 

Prolnt 

Water 

13.00 

13.00 

13.00 

13.00 

Ammonium  Nitrate 

17.00 

17.00 

17.00 

17.00 

Sodium  Nitrate 

05.00 

05.00 

05.00 

05.00 

Ammonium  Perchlorate 

04.00 

04.00 

04.00 

04.00 

Sodium  Acetate 

01.00 

01.00 

01.00 

01.00 

Total  Mother  Solution 

(40.00) 

(40.00) 

(40.00) 

(40.00) 

Dry  Ammonium  Nitrate 

47.00 

33.00 

26.00 

12.00 

Dry  Sodium  Nitrate 

00.00 

00.00 

00.00 

05.00 

Ethylene  glycol 

12.00 

06.00 

03.00 

02.00 

Guar  Gum 

00.90 

00.90 

00.90 

00.90 

Crosslinker 

00.10 

00.10 

00.10 

00.10 

Prooellant 

00.00 

20.00 

30.00 

40.00 

Total 

100.00 

100.00 

100.00 

100.00 

Oxygen  Balance  gO2/100g 

-1.2 

-0.9 

-0.7 

-2.2 

Hexamine  Based  Formulations 


Inaredient 

Standard 

20% 

Prolnt 

30% 

Prolnt 

40% 

Prolnt 

Water 

13.00 

13.00 

13.00 

13.00 

Hexamethylenetetramine 

08.50 

04.00 

03.00 

02.00 

Nitric  Acid  (100%) 

03.76 

01.77 

01.33 

00.90 

Ammonium  Perchlorate 

04.00 

04.00 

04.00 

04.00 

Sodium  Nitrate 

00.00 

00.00 

00.00 

05.00 

Ammonium  Nitrate 

10.74 

17.23 

18.67 

15.10 

Total  Mother  Solution 

(40.00) 

(40.00) 

(40.00) 

(40.00) 

Dry  Ammonium  Nitrate 

59.00 

39.00 

29.00 

14.00 

Dry  Sodium  Nitrate 

00.00 

00.00 

00.00 

05.00 

Guar  Gum 

00.90 

00.90 

00.90 

00.90 

Crosslinker 

00.10 

00.10 

00.10 

00.10 

Prooellant 

00.00 

20.00 

30.00 

40.00 

Total 

100.00 

100.00 

100.00 

100.00 

Oxygen  Balance  gO2/100g 

-0.7 

-0.2 

-2.4 

-2.0 

Using  the  above  formulations,  a  total  of  14  lab  scale  mixes  were  made.  Each  mix  was 
observed  for  physical  characteristics  as  well  as  being  subjected  to  a  simple  compatibility 
test.  Table  li  below  gives  the  mix  identifications  and  descriptions  for  each  of  the  14  lab 
scale  mixes  mentioned  above. 
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TABLE  II 


Mix  Identifications  and  Descriptions  of  Lab  Scale 

Development  Mixes. 

Mix  I.D. 

Desc  notion 

Mix 

Density 

6-6-01 

(q/cc) 

Ethylene  glycol  (EG)  Standard 

5.2 

1.20 

6-6-02 

EG  +  20%  Propellant  A 

5.2 

1.17 

6-6-03 

EG  +  30%  Propellant  A 

5.2 

1.21 

6-6-04 

EG  +  20%  Propellant  B 

5.1 

1.21 

6-6-05 

EG  +  30%  Propellant  B 

5.2 

1.20 

6-6-06 

Hexamethylenetetramine  Std.(HEX) 

5.1 

1.21 

6-6-07 

HEX  +  20%  Propellant  A 

5.2 

1.18 

6-6-08 

HEX  +  30%  Propellant  A 

5.1 

1.19 

6-6-09 

HEX  +  20%  Propellant  B 

5.2 

1.21 

6-6-10 

HEX  +  30%  Propellant  B 

5.1 

1.13 

6-7-01 

EG  +  40%  Propellant  A 

5.2 

1.20 

6-7-02 

EG  +  40%  Propellant  B 

5.1 

1.17 

6-7-03 

HEX  +  40%  Propellant  A 

5.2 

1.22 

6-7-04 

HEX  +  40%  Propellant  B 

5.1 

1.19 

The  compatibility  test  was  conducted  at  three  temperatures:  ambient  (20-25 ®C),  40 and 
50°C.  The  ambient  and  40°C  temperatures  represented  normal  and  maximum  expected 
explosive  storage  magazine  temperatures.  The  50°C  temperature  represented  an  extreme 
situation  not  usually  observed  in  normal  explosive  storage  conditions.  The  test  apparatus 
involved  no  instrumentation.  A  known  volume  of  each  sample  was  placed  in  a  glass  jar. 
The  original  volume  was  noted  with  a  mark  on  the  outside  of  the  jar.  The  lid  of  the  jar  was 
placed  loosely  so  as  to  allow  for  any  gasses  to  escape,  thus  avoiding  any  pressure  rupture 
of  the  jar  during  storage.  A  sample  of  each  formulation  was  placed  at  each  of  the  three  test 
temperatures.  Initially,  the  jars  were  observed  daily.  After  the  first  week,  the  jars  were 
observed  weekly.  An  observation  was  made  to  check  the  level  of  the  sample  within  each 
jar.  Any  changes  in  volume  were  noted  in  the  data  record.  No  attempts  were  made  to 
analyze  any  generated  gases  resulting  from  possible  reaction  between  incompatible 
ingredients  of  the  propellant  and  watergel  slurry  matrix. 


Compatibility  tests  results  at  ambient  (20-25^C).  None  of  the  samples  of  ethylene  glycol 
based  mixes  had  exhibited  any  volume  change  due  to  off-gassing  after  7  weeks  of  storage 
at  this  temperature.  Each  hexamine  based  mix  containing  propellant  exhibited  some 
volume  change  due  to  off-gassing.  The  volume  change  was  slight  and  occurred  after  3-4 
weeks  of  storage.  The  incompatibility  between  the  hexamine  based  mixes  and  the 
propellants  was  expected  and  verified  past  results  that  have  indicated  an  incompatibility 
between  the  hexamine  and  some  nitro  esters. 

Compatibility  tests  results  at  40^C.  The  hexamine  based  samples  exhibited  significant 
volume  change,  and  thus,  significant  incompatibility.  The  reaction  and  resultant  volume 
change  was  observed  to  take  several  days  to  occur.  However,  it  did  occur  and  the  samples 
were  removed  from  the  test.  These  results  verified  past  work  that  heat  is  a  catalyst  for  the 
incompatibility  reaction  of  hexamine  and  nitro  esters.  No  volume  change  was  observed  for 
any  of  the  ethylene  glycol  samples  at  this  temperature  after  7  weeks  of  storage. 
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Compatibility  tests  results  at  50°C.  All  of  the  hexamine  based  mixes  gassed  significantly. 
The  volume  of  the  HEX  +  Propellant  A  samples  had  grown  by  up  to  40%  on  the  fourth  day 
of  observation.  The  HEX  +  Propellant  B  samples  exhibited  the  same  characteristics,  with  a 
volume  change  of  up  to  47%  on  the  12th  day  of  observation.  The  level  of  volume  change 
due  to  off-gassing  was  unacceptable  for  useful  shelf-life  and  storage  characteristics  of  a 
commercial  blasting  product.  Some  slight  volume  change  was  observed  for  the  ethylene 
glycol  samples  at  this  temperature  after  7  weeks  of  storage.  The  volume  changes  were 
minimal  and  did  not  present  any  undue  concerns  for  safe  shipment  and  storage  of  these 
products. 


3.0  Safety  Tests 

Blasting  cap  sensitivity.  The  first  test  conducted  was  cap  sensitivity.  This  test  was 
conducted  in  7.62  cm  diameter  X  15.24  cm  long  charges.  A  #8  strength  electric  blasting 
cap  was  inserted  approximately  2.54  cm  into  one  end  of  the  charge.  Each  propellant  was 
tested  dry,  wetted  with  Mother  Solution,  and  blended  with  the  ethylene  glycol  based 
watergel  slurry  matrix.  Neither  of  the  propellants  detonated  with  the  blasting  cap  when  dry. 
However,  they  did  ignite  and  burn.  This  was  witnessed  by  finding  charred  cardboard  tube 
remnants  in  the  test  area.  The  ignition  did  not  occur  in  every  test.  In  several  repetitions  of 
the  test  the  sample  container  and  propellant  were  simply  blown  apart  by  the  blasting  cap. 
When  wetted  with  50%  Mother  Solution,  the  propellants  did  not  detonate  or  Ignite  in  the 
blasting  cap  test.  Samples  of  the  ethylene  glycol  based  watergel  slurry  product  containing 
30%  of  each  of  the  propellants  were  also  found  not  to  detonate  or  ignite  in  the  blasting  cap 
test. 

Deflagration  to  Detonation  (DDT).  This  test  measured  the  tendency  for  the  propellant  to 
undergo  transition  from  deflagration  to  detonation.  Each  propellant  was  tested  dry,  wetted 
with  Mother  Solution,  and  blended  with  the  ethylene  glycol  based  watergel  slurry  matrix  as  a 
finished  product.  When  tested  dry,  Propellant  A  did  not  transition  to  detonation  according 
the  test  procedure.  However,  the  test  pipe  was  broken  and  peeled  back  at  the  capped  end. 
No  hole  was  blown  in  the  witness  plate.  The  Propellant  B  propellant  also  did  not  transition 
to  detonation.  The  test  pipe  was  left  in-tact,  with  the  cap  being  blown  off.  The  witness 
plate  was  not  punctured,  but  was  dented.  When  wetted  with  30%  Mother  Solution  (by 
weight),  the  Propellant  A  sample  blew  the  test  pipe  into  several  pieces.  The  witness  plate 
was  not  punctured,  but  was  severely  dented.  A  repeat  of  this  test  with  50%  Mother  Solution 
resulted  in  the  pipe  being  left  in  tact.  Pieces  of  the  propellant  were  retrieved  from  the  test 
area  as  well  as  from  inside  of  the  pipe.  Propellant  B,  when  wetted  with  50%  Mother 
Solution,  did  not  DDT.  The  test  pipe  in  both  trials  was  left  in-tact  with  propellant  remaining 
inside  and  on  the  ground  in  the  test  area.  The  finished  product  samples,  with  the 
propellants  being  blended  at  a  30%  level  with  the  ethylene  glycol  based  watergel  slurry 
matrix,  were  not  reactive.  The  test  pipes  from  these  samples  were  retrieved  in-tact  with 
considerable  amounts  of  the  test  sample  still  in  the  pipe. 


4.0  Pilot  Plant  Formulation 

Based  on  the  results  of  the  chemical  compatibility  tests,  which  were  conducted  during  the 
Laboratory  Scale  work,  the  ethylene  glycol  based  formulations  were  selected  as  the  most 
favorable  for  use  with  both  of  the  propellants.  Initially,  in  the  Pilot  Plant,  four  small  batches 
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{10kg)  containing  each  of  the  propellants  were  made  to  verify  the  sensitivity  to  initiation  and 
velocity  of  detonation  of  the  formulations  developed  at  the  Lab  Scale.  Each  of  these 
formulations  was  based  on  using  the  propellants  as  true  fuel  in  the  formulation  and  holding 
the  water  content  of  the  formulation  constant.  This  method  of  using  the  propellant  did  not 
allow  for  the  slurry  portion  of  the  formulation  to  be  oxygen  balanced.  Due  to  the  lack  of 
oxygen  balance,  the  slurry  portion  of  the  formulation  was  not  actually  an  optimum 
formulation  on  Its  own.  The  intent  was  that  the  pro}:^llant  would  provide  sufficient  fijel  value 
to  the  formulation  to  give  it  the  desirable  detonation  characteristics.  However,  upon  the 
completion  of  these  detonation  tests,  it  was  noted  that  each  formulation  lacked  sufficient 
sensitivity. 

Next,  due  to  the  lack  of  sensitivity  and  less  than  desirable  detonation  characteristics  of  the 
formulations  discussed  above,  it  was  decided  to  use  additional  ethylene  glycol  to  oxygen 
balance  the  slurry  portion  of  the  formulation;  thereby,  no  longer  using  the  propellants  as 
true  fuel  sources.  It  was  anticipated  that  by  oxygen  balancing  the  slurry  portion,  and  thus, 
attempting  to  make  it  a  viable  explosive  formulation  on  its  own,  this  would  increase  the 
sensitivity  and  velocity  of  detonation  of  the  resultant  formulations.  Also,  the  water  content 
of  the  formulations  was  decreased  from  13%  to  9.1%.  In  effect,  it  was  supposed  that  the 
propellants  would  be  used  as  extenders  of  an  explosive  formulation  and  would  enhance  the 
detonation  characteristics  of  the  blended  product  over  that  of  the  standard  slurry 
formulation.  Subsequently,  and  in  order  to  test  this  theory,  three  more  small  batches  (16 
kg)  were  made.  Only  Propellant  A  was  used  for  these  formulations.  A  standard  formula 
containing  no  propellant  was  used,  a  formula  with  the  slurry  portion  of  the  product  which 
was  oxygen  balanced  and  to  which  30%  of  Propellant  A  was  added,  and  a  formula  for 
which  the  overall  formulation  was  oxygen  balanced  and  contained  30%  of  Propellant  A. 
From  detonation  tests,  it  was  observed  that  the  mix,  which  consisted  of  the  propellant  being 
added  to  an  already  oxygen  balanced  slurry,  exhibited  acceptable  detonation 
characteristics.  The  standard  slurry,  which  contained  no  propellant,  proved  to  be  very 
insensitive,  with  low  detonation  velocity  results,  as  did  the  mix  which  contained  the 
propellant  as  a  complete  source  of  fuel. 

Based  on  these  findings,  a  total  of  five  120  kg  batches  were  made  in  the  Pilot  Plant  mixer. 
In  these  mixes,  the  slurry  portion  of  each  of  the  formulations  was  oxygen  balanced.  Thus, 
as  described  above,  the  propellants  were  actually  added  to  the  formulations  as  extenders  of 
a  base  explosive  formulation.  A  standard  slurry  was  made  which  contained  no  propellant, 
and  four  slurries  were  made  which  contained  different  levels  of  the  two  propellants.  Mixes 
were  made  which  contained  15%  of  each  of  the  propellants  individually,  and  which 
contained  30%  of  each  of  the  propellants.  The  formulations  for  these  mixes  are  recorded  in 
Table  III.  .  The  mixes  were  packaged  in  various  diameter  cardboard  tubes  for  explosive 
characteristics  testing.  The  following  detonation  tests  were  conducted:  Unconfined 
Velocity  of  Detonation  at  two  temperatures,  Critical  Diameter,  and  Underwater  Energy. 
These  tests  were  conducted  on  unconfined  charges  in  all  cases.  A  description  of  the 
explosive  characteristics  test  promdures  follows: 

Unconfined  velocity  of  detonation.  The  unconfined  velocity  of  detonation  was  measured  by 
utilizing  a  standard  point-to-point  chronograph  "make-circuit"  measurement  system.  In  this 
test  two  sets  of  insulated  wires  are  placed  in  the  charge  a  known  distance  apart.  As  the 
detonation  wave  travels  through  the  charge,  the  wire  sets  are  shorted  together,  causing  a 
current  flow.  By  measuring  the  time  between  the  “making”  of  the  circuit,  velocity  is  easily 
calculated. 
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Critical  diameter.  The  velocity  of  detonation  of  most  explosive  formulations  is  affected  by 
the  charge  diameter.  Thus,  it  is  important  to  know  at  what  minimum  diameter  the 
formulation  can  be  reliably  initiated  with  a  chosen  initiating  primer.  This  critical  diameter 
was  measured  by  detonating  various  diameter  charges  of  the  formulations,  beginning  with 
15cm  and  working  down,  until  a  failure  was  observed.  The  last  diameter  at  which  a  reliable 
detonation  was  received  was  taken  to  be  the  critical  diameter.  The  velocity  of  detonation 
test  was  used  as  a  witness  of  detonation.  This  test  was  conducted  at  both  20°  and  4°C. 

Underwater  energy^.  This  test  allowed  for  the  measurement  of  the  energy  release  of  an 
explosive  formulation.  The  test  was  conducted  underwater  due  to  the  high  consistency  and 
repeatability  of  the  water  as  a  test  medium.  The  unconfined  charges  were  packaged  in  6 
inch  diameter,  one  gallon  cans.  All  of  the  charges  were  initiated  with  a  one  pound  cast 
primer. 

The  five  mixes  described  previously  were  subjected  to  the  tests  just  described.  The  results 
of  these  tests  were  recorded  in  Table  IV. 


TABLE  III 

Pilot  Plant  Mix  Formulations 

Standard  Product  Solution  Product  Propellant  Solution 


Ingredient  Weight  %  Weight  % 


Water  28.90  26.00 

Ammonium  Nitrate  48.90  51.10 

Sodium  Nitrate  15.60  14.30 

Ammonium  Perchlorate  04.40  05.70 

Sodium  Acetate  +  HNO:^  02.20 _ 02.90 

Total  100.0  100.0 

pH  5.0at110°F  5.1at100°F 


Slurry  Formulations  {16000g  batches  were  made  in  Hobart  Mixer) 


Ingredient 

Standard 

15%  Prp  B 

15%  Prp  A 

30%  Prp  B 

30%  Prp 

8-9-01 

8-14-02 

8-14-01 

8-10-01 

8-11-01 

Std.  Mother  Solution 

45.00 

- 

~ 

— 

— 

Propellant  Mother  Sin. 

— 

40.00 

40.00 

35.00 

35.00 

Ground  Amm.  Nitrate 

33.40 

25.0 

25.00 

17.40 

17.40 

Ammonium  Perchlorate 

08.00 

08.00 

08.00 

08.00 

08.00 

Ethylene  glycol 

12.00 

10.50 

10.50 

08.40 

08.40 

Guar  Gum 

01.40 

01.30 

01.30 

01.10 

01.10 

Crosslinker 

00.20 

00.20 

00.20 

00.10 

00.10 

Propellant  (N-8) 

00.00 

15.00 

00.00 

30.00 

00.00 

Prooellant  UPN) 

00.00 

00.00 

15.00 

00.00 

30.00 

Total 

100.00 

100.00 

100.00 

100.00 

100.00 

Density  (g/cc) 

1.20 

1.15 

1.15 

1.15 

1.15 

pH 

4.9  at  70° 

5.3  at  77° 

5.3  at  77° 

5.4  at  75° 

5.1  at  74° 
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TABLE  IV 

Explosive  Characteristics  Data  for  Pilot  Plant  Scale  Batches  from  Table  III. 

The  tests  which  were  conducted  on  the  products  were  Velocity  of  Detonation  at  two 
temperatures,  Critical  Diameter,  and  Underwater  Energy.  These  tests  were  conducted  on 
unconfined  charges  in  all  cases.  Additionally,  each  mix  was  tested  for  initiation  sensitivity 
with  a  #8  strength  Electric  Blasting  Cap.  All  tests  were  conducted  on  unconfined  charges 

8-9-01  =  Standard  Slurry  (no  propellant)  8-14-02  =  15%  Propellant  B 

8-14-01  =  15%  Propellant  A  8-10-01  =  30%  Propellant  B 

8-1 1-01  =  30%  Propellant  A 


A.  Velocity  of  Detonation/Critical  Diameter.  A  one  pound  cast  primer  was  used  for  initiation 
in  all  of  these  tests.  Data  are  in  meters  per  second  (±100  meters/sec) 


Charge  Diameters  in  Centimeters 


20X 

Mix  No. 

12J 

10.16 

7.62 

6.35 

40^C 

15.24 

IMS 

L6 

8-9-01 

4965 

4790 

4420 

3730 

fail 

fail 

— 

— 

— 

8-14-02 

5330 

5080 

4450 

3800 

3315 

fail 

— 

— 

— 

8-14-01 

5425 

5200 

4600 

4235 

3730 

4470 

4495 

4090 

fail 

8-10-01 

5445 

4960 

4780 

3365 

3000 

fail 

— 

— 

— 

8-11-01 

5600 

5380 

5255 

5060 

4700 

5560 

5440 

4820 

fail 

B.  Cap  Sensitivity  Test.  A  #10  Electric  Blasting  Cap  was  used  In  these  tests.  The  charge 
temp,  was  3rC. 


Mix  No. 

7.62  cm  X  20.32  cm  Charoe 

8-9-01 

fail 

8-14-02 

fail 

8-14-01 

fail 

8-10-01 

fall 

8-11-01 

detonation 

C.  Underwater  Energy  (cal/gm)(±  2.5%) 


MIX# 

DEN 

VOD 

DP 

§LF 

SSE 

CSE 

BUB 

TOT 

ANFO 

900 

3506 

27.7 

1.31 

260 

341 

519 

860 

8-9-01 

1200 

4966 

74.0 

1.70 

200 

340 

431 

771 

8-14-02 

1200 

5331 

85.3 

1.74 

204 

355 

434 

790 

8-14-01 

1200 

5427 

88.4 

1.75 

214 

375 

433 

807 

8-10-01 

1200 

5447 

89.0 

1.76 

201 

354 

427 

781 

8-11-01 

1200 

5604 

94.2 

1.78 

234 

417 

456 

873 

186 


DEN  =  Density  in  kg/cc 

VOD  =  Velocity  of  Detonation  in  meters/second  ^ 

DP  =  Detonation  Pressure  in  kBars  as  approximated  by  0.25xdensityxVOD 
SLF  =  Shock  Loss  Factor  (calculated  from  detonation  pressure  and  velocity  of  detonation, 
allows  for  approximation  of  the  amount  of  energy  in  the  shock  wave  which  is  lost  between 
the  point  of  detonation  and  the  point  of  pressure  measurement) 

SSE  =  Specific  Shock  Energy  measured  at  the  transducer 

CSE  =  Corrected  Shock  Energy,  SSE  x  SLF 

BUB  =  Bubble  (Gas)  Energy 

TOT  =  Total  Available  Work  Energy,  CSE  +  BUBBLE 

5.0  Department  of  Transportation  Shipping  Approval^ 

The  shipping  approval  tests  were  conducted  for  and  witnessed  by  the  Bureau  of  Explosives 
in  early  1996.  The  tests  concluded  that  the  formulations  containing  the  propellants  would 
be  classified  as  Class  1.5D  Blasting  Agents.  The  formal  assignment  of  EX  numbers  by  the 
United  States  Department  of  Transportation  is  pending. 


6.0  Full  Scale  Demonstration 

A  4500  kg  batch  of  the  formulation  which  contained  30%  of  Propellant  A  was  manufactured 
and  field  tested.  The  results  of  the  test  showed  the  explosive  to  be  highly  successful  in 
breaking  and  displacing  the  blasted  media.  The  test  was  conducted  at  a  rock  quarry  in 
northeast  Oklahoma  in  early  1996. 


CONCLUSIONS 


Propellant  A 

The  velocity  of  detonation  data  (at  20  and  4X)  and  the  underwater  energy  data  indicated 
that  the  incorporation  of  Propellant  A  was  more  beneficial  at  the  higher  30%  level.  At  the 
15%  level,  propellant  A  also  proved  to  be  a  useful  ingredient.  However,  the  30%  level 
exhibited  greater  increases  in  velocity  of  detonation,  sensitivity,  energy  release  and  cold 
temperature  sensitivity.  Either  of  the  propellant  slurry  formulations,  15%  or  30%,  would 
offer  excellent  detonation  characteristics  for  use  in  both  cool  temperature  environments  and 
warm  temperature  environments.  The  high  velocity  of  detonation  results  would  allow  them 
to  be  a  good  explosive  for  most  hard  rock  mining  applications. 


Propellant  B 

The  results  of  the  20®C  velocity  of  detonation  and  underwater  energy  tests  indicated  that 
Propellant  B  was  a  more  beneficial  ingredient  in  the  slurry  explosive  when  added  at  a  1 5% 
level,  as  compared  to  a  30%  level.  This  was  attributed  to  a  lack  of  sensitivity  on  the  part  of 
Propellant  B.  Although  Propellant  B,  when  added  at  either  level  did  increase  the  velocity  of 
detonation  of  the  blended  product  over  that  of  the  standard  product  in  large  charge 
diameters,  it  was  not  sensitive  enough  to  sustain  these  increases  in  smaller  charge 
diameters.  The  1 5%  propellant  slurry  also  offered  both  greater  sensitivity  (as  witnessed  by 
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higher  detonation  velocity  data)  and  greater  energy  release  than  the  standard  slurry 
product.  The  velocity  of  detonation  results  at  4'’C  also  indicated  a  lack  of  sensitivity  on  the 
part  of  Propellant  B  in  that  the  blended  products,  regardless  of  propellant  level.  This  lack  of 
cold  temperature  sensitivity  would  preclude  the  use  of  Propellant  B  as  an  additive  to  the 
test  slurry  matrix  in  cold  temperature  applications.  In  other  vi/ords,  the  formula  which  was 
developed  would  be  a  viable  formulation  with  very  good  detonation  characteristics  at  warm 
temperatures.  This  fact  would  simply  dictate  the  use  of  this  formulation  in  warmer  regions 
of  the  country  and  in  larger  charge  diameters. 


Overall 

From  the  test  data  generated  in  this  study,  it  was  obvious  that  both  propellants  were 
capable  of  performing  as  an  energetic  fuel/sensitizer  ingredient  in  a  suitable  commercial 
watergel  slurry  explosive.  This  fact  makes  the  propellants  useful  materials  and  removes 
their  connotation  as  a  hazardous  waste.  These  results  also  indicated  that  the  recycling  of 
the  propellants  into  commercial  explosives  offered  a  viable  alternative  to  the  open 
burning/open  detonation  disposal  methods. 


1.  United  Nations  Recommendations  for  the  Transport  of  Dangerous  Goods,  Tests  and 
Criteria,  Second  Edition 

2.  49  CFR  §  173.57(a)  and  173.58(b) 

3.  Bjarnholt,  "Suggestions  on  Standards  for  Measurement  and  Data  Evaluation  in  the 
Underwater  Explosion  Test.  8th  Meeting  for  the  Standardization  of  the  Methods  of 
Testing  Explosives.  Oct  3-6,  1978  Tatranska  Lommica,  Czechoslovakia 
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RECENT  STUDIES  ON  THE  CHEMICAL  CONVERSION  OF  ENERGETIC 
MATERIALS  TO  HIGHER  VALUE  PRODUCTS 


Alexander  R.  Mitchell,  Philip  F.  Pagoria,  and  Robert  D.  Schmidt 

Energetic  Materials  Center,  Lawrence  Livermore  National  Laboratory 
MS  L-282,  P.O.  Box  808,  Livermore,  California  94550,  USA 


ABSTRACT:  The  use  of  energetic  materials  as  chemical  feedstocks  for  higher 
value  products  potentially  provides  environmentally  sound  and  cost-effective 
alternatives  to  disposal  by  open  burning/open  detonation.  The  conversion  of 
UDMH  (unsymmetrical  dimethylhydrazine)  and  Explosive  D  (ammonium 
picrate)  to  higher  value  explosives  such  as  1 ,3, 5-triamino-2, 4,6- 
trinitrobenzene  (TATB)  and  1 ,3-diamino-2, 4, 6-trinitrobenzene  (DATE) 
illustrates  our  approach.  We  have  developed  a  new  synthesis  of  TATB  that 
utilizes  surplus  UDMH  (propellant)  and  Explosive  D  (high  explosive)  as 
starting  materials.  Methyl  iodide  reacts  with  UDMH  to  provide  TMHI  (1,1,1- 
trimethylhydrazinium  iodide)  which  serves  as  a  reagent  for  the  amination  of 
nitroaromatic  substrates  via  Vicarious  Nucleophilic  Substitution  (VNS)  of 
hydrogen.  The  reaction  of  picramide  (obtained  from  Explosive  D)  with  TMHI 
gives  TATB  or  DATE  in  95%  and  75%  yields,  respectively.  This  synthesis 
should  offer  significant  savings  in  the  production  of  TATB  thereby  making 
this  insensitive  high  explosive  more  accessible  for  civilian  applications. 


1.  INTRODUCTION 

The  demilitarization  of  nuclear  and  conventional  munitions  is  producing 
millions  of  pounds  of  surplus  explosives  (energetic  materials).  Historically, 
surplus  explosives  have  been  disposed  of  by  open  burning/open  detonation 
(OB/OD).  The  disposal  of  these  materials  by  OB/OD  is  becoming  unacceptable 
due  to  public  concerns  and  increasingly  stringent  environmental  regulations. 
Environmentally  sound  and  cost-effective  alternatives  to  OB/OD  are  needed. 
We  are  investigating  the  chemical  conversion  of  energetic  materials  to 
higher  value  products.  This  paper  focuses  on  the  use  of  a  surplus  propellant 
(UDMH)  and  high  explosive  (Explosive  D)  as  chemical  precursors  to  higher 
value  explosives  (DATB  and  TATB). 


2.  TATB 

TATB  is  a  reasonably  powerful  high  explosive  whose  thermal  and  shock 
stability  is  considerably  greater  than  that  of  any  other  known  material  of 
comparable  energy.”^  It  is  used  in  military  applications  because  of  its 
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significant  insensitivity  to  thermal  and  shock  environments.  There  is  also 
interest  in  employing  TATB  in  the  civilian  sector  for  deep  oil  well 
explorations  where  heat-insensitive  explosives  are  required.  TATB  had  been 
priced  at  $20  to  $50  per  pound  when  it  was  being  produced  on  an  industrial 
scale  in  the  U.S.  TATB  Is  currently  available  to  customers  outside  of  the 
Department  of  Energy  (DOE)  for  $100  per  pound. 2  This  paper  describes  a  new 
synthesis  of  TATB  developed  at  Lawrence  Livermore  National  Laboratory 
(LLNL)  that  utilizes  inexpensive  starting  materials  and  mild  reaction 
conditions. 


2.1  Current  Preparation  of  TATB 

TATB  is  produced  in  the  USA  by  nitration  of  the  relatively  expensive  and 
domestically  unavailable  1,3,5-trichlorobenzene  (TCB)  to  give  2,4,6- 
trichloro-1 ,3,5-trinitrobenzene  (TCTNB)  which  is  then  aminated  to  yield 
TATB  (Figure  1).3  Elevated  temperatures  (150  OC)  are  required  for  both 
reactions.  The  major  impurity  encountered  in  this  process  is  ammonium 
chloride.  The  inclusion  of  2.5%  water  during  the  amination  step  significantly 
reduces  the  ammonium  chloride  content  of  the  TATB. 4  Low  levels  of 

chlorinated  organic  impurities  have  also  been  identified.  These  impurities 
include  2,4,6-trichloro-1 ,3,5-trinitrobenzene  (TCTNB),  1 ,3-dinitro-2, 4,5,6- 
tetrachloro-benzene,  1 ,3-dinitro-2, 4, 6-trichlorobenzene  and  their  partially 
aminated  products.  5  A  synthesis  of  TATB  that  replaces  TCTNB  with  a  non- 
chlorinated  starting  material  is  clearly  desirable. 


Figure  1 .  Current  synthesis  of  TATB 


2.2  Vicarious  Nucleophilic  Substitution  of  Hydrogen 

Vicarious  nucleophilic  substitution  (VNS)  of  hydrogen  is  a  well-established 
procedure  for  the  introduction  of  carbon  nucleophiles  into  electrophilic 
aromatic  rings. The  reaction  involves  the  addition  of  a  carbanion  bearing 
a  leaving  group  (X)  to  an  electrophilic  aromatic  ring  and  subsequent 
rearomatization  by  loss  of  the  leaving  group  through  elimination  as  HX 
(Figure  2,  Z=CH2).  This  reaction  has  been  applied  to  a  wide  variety  of 
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nitroarenes  and  nitro-substituted  heterocycles.^ 


X 

I 


Figure  2.  Vicarious  nucleophilic  substitution  of  hydrogen 


By  analogy,  VNS  reactions  can  also  take  place  with  amine  nucleophiles.  Such 
reagents  are  of  the  common  form  X-NH2,  where  X  is  an  auxiliary  group 
capable  of  stabilizing  a  negative  charge,  thus  driving  rearomatization  of  the 
a-intermediate  adduct  (Figure  2,  Z=NH).  One  of  the  first  examples  of 
amination  by  VNS  of  hydrogen  was  provided  by  Meisenheimer  and  Patzig  who 
reacted  1 ,3>dinitrobenzene  with  hydroxylamine  in  the  presence  of  strong 
base  to  yield  2, 4-dinitrophenylene-1 ,3-diamine. ^  Recently,  a  number  of 
more  active  amlnating  reagents  such  as  4-amino-l  ,2,4-tria2ole9  and 
substituted  sulfenamides^ 0  have  been  developed.  These  reagents  were 
designed  to  be  good  nucleophiles  that  easily  add  to  electrophilic  aromatic 
rings  and  also  possess  good  leaving  groups  (Figure  2,  X=1 ,2,4-triazole,  RS). 


2.3  Use  of  1 ,1 ,1-Trlmethylhydrazinium  Iodide  as  a  VNS  Reagent 

Although  quaternary  hydrazinium  compounds  have  been  known  for  over  one 
hundred  years,*^  *1  2  they  have  not  been  employed  as  VNS  reagents.  We 

examined  1 ,1 ,1-trimethylhydrazinium  iodide  (TMHl)"^  3  [(CH3)3N+-NH2  I"]  for 
use  as  a  VNS  reagent.  We  reasoned  that  TMHI  would  be  sufficiently 
nucleophilic  to  substitute  into  nitro-substituted  aromatic  rings  but  would  be 
superior  to  the  previous  examples  because  the  leaving  group  would  be  the 
neutral  trimethylamine  instead  of  a  stabilized  anionic  species.  In  addition, 
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there  was  a  possibility  that  the  hydrazinium  halide  would  react  with  base  to 
form  the  neutral  ylide  species,  [(CH3)3N+-NH"],  which  may  be  the  reactive 
species  in  the  amination  process.  Indeed,  when  TMHI  was  reacted  with 
various  nitro-substituted  aromatics  the  amino  functionality  was  introduced 
in  good  to  excellent  yields. 

A  study  of  product  yields  and  distribution  of  various  3-substituted 
nitrobenzene  derivatives  was  performed  using  TMHI  (Figure  3  and  Table  1). 


Figure  3.  Amination  of  3-substltuted  nitroaromatics 

Table  I 

Amination  of  3-Substltuted  Nitrobenzenes 


R 

Total  Yield  (%) 

Position  of  NH2^ 

%  Isomer 

H 

"85 

2 

*61 

4 

39 

CH3 

84 

2 

38 

4 

35 

6 

27 

Cl 

82 

2 

32 

4 

49 

6 

19 

COOH 

95 

4 

71 

6 

29 

OCH3 

66 

2 

90 

4 

10 

F 

84 

2 

45 

4 

47 

6 

8 

I 

76 

2 

45 

4 

38 

6 

17 

CN 

41 

2 

20 

4 

44 

6 

36 

3  Relative  to  N02 
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The  results  of  our  study  were  compared  with  the  findings  reported  for  4- 
amino-1, 2, 4-triazole  (ATZ).9  aTZ  was  found  to  be  regioselective,  giving 
substitution  para-  to  the  nitro  group  exclusively.  TMHl  gave  all  possible 
product  isomers  thereby  showing  no  selectivity  but  presumably  greater 
reactivity.  There  was  a  general  tendency  for  TMHl  to  yield  products  in  which 
the  amine  substitution  occurs  predominantly  ortho-  to  the  nitro  group 
although  some  exceptions  were  noted.  vve  are  currently  investigating  the 
use  of  more  sterically  crowded  1 ,1 ,1 -trialkylhydrazinium  halides  derived 
from  UDMH  in  an  attempt  to  influence  the  regioselectivity  of  the  aminating 
reagent. 


2.4  Starting  Materials  for  TATB  Synthesis 

This  project  originally  began  as  part  of  demilitarization  activities  related  to 
the  chemical  conversion  of  energetic  materials  into  higher  value 
products.  1 ^  Consequently,  our  synthesis  of  TATB  has  been  designed  so 


OH 


Picryl  chloride 


Figure  4.  Synthesis  of  picramide  from  Explosive  D 


that  either  surplus  energetic  materials  or  inexpensive,  commercially 
available  chemicals  can  be  used  to  make  the  necessary  starting  materials. 
Several  million  pounds  of  ammonium  picrate  (Explosive  D)  are  available  for 
disposal  in  the  USA.  Ammonium  picrate  can  be  converted  to  2,4,6- 
trinitroaniline  (picramide)  by  the  pathways  shown  in  Figure  4.  The  reaction 
of  picric  acid  with  urea  at  elevated  temperature  (173  ^c)  has  been  reported 
to  provide  picramide  in  88%  yield.  The  analogous  reaction  of  Explosive  D 
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with  urea  to  directly  provide  picramide  has  not  been  reported.  Picramide  is 
also  readily  accessible  from  nitration  of  the  commercially  available  and 
relatively  inexpensive  4-nitroaniIine.^  ^ 

1 ,1 -Dimethylhydrazine  (unsymmetrical  dimethylhydrazine,  UDMH)  has  been 
used  as  a  liquid  rocket  propellant.  Thirty  thousand  metric  tons  of  UDMH  in 
Russia  are  available  for  disposal  in  a  safe  and  environmentally  responsible 
manner, T9  1 ,1 ,1 -Trimethylhydrazinium  iodide  (TMHI),  our  VNS  reagent  of 
choice,  is  readily  prepared  through  the  alkylation  of  UDMH  by  methyl 
iodide. 20  Alternatively,  TMHI  can  be  prepared  directly  from  hydrazine  and 
methyl  iodide. T  3 


Z.5  Amination  of  Picramide  by  Hydroxylamine  Derivatives 

We  initially  explored  the  conversion  of  picramide  to  DATB  and  TATB  using 
hydroxylamine  (Figure  5,  R  =  H)  and  aqueous  base  as  reported  for  the 
conversion  of  4,6-dinitrobenzofuroxan  (DNBF)  to  give  5,7-diamino-4,6- 
dinitrobenzofuroxan  (CL-14).21  datB  was  obtained  in  a  low  yield  (16%) 
after  removal  of  unreacted  picramide. 


Picramide  DATB  TATB 


Figure  5.  Reaction  of  picramide  with  NH2OR  (R  =  H,  CH3,  C6H5CH2) 


The  replacement  of  aqueous  base  with  sodium  methoxide  in  anhydrous 
methanol  or  DMSO  raised  the  yield  of  DATB  from  16%  to  over  50%.  The  use  of 
alkoxy  derivatives  (R  =  CH3,  C6H5CH2)  gave  exclusively  DATB  in  87-91% 
crude  yields.  The  reaction  of  picramide  with  hydroxylamine  or  its  0-alkyl 
derivatives  never  yielded  more  than  trace  quantities  of  TATB. 


2.6  Amination  of  Picramide  by  ATZ 

Picramide  reacts  with  4-amino-l  ,2,4-triazole  (ATZ)  in  dimethylsulfoxide  in 
the  presence  of  strong  base  (NaOMe  or  KOt-Bu)  at  room  temperature  (24  h)  to 
yield,  depending  on  the  quantity  of  ATZ  used,  either  DATB  or  TATB  and  1,2,4- 
triazole  (TZ)  (Figure  6). 


194 


Picramide  ATZ  DATB  (R  =  H)  17 

TATB  (R  =  NH2) 

Figure  6.  Reaction  of  picramide  with  ATZ 


2.7  Amination  of  Picramide  by  TMHI 

When  TMHI  replaces  ATZ  in  the  reaction  with  picramide,  the  reaction  is 
complete  in  3  hours  to  yield  DATB  (70-80%)  or  TATB  (95-98%)  and 
trimethylamine  (TMA)  (Figure  7). 


NH2 

CHo 

1 

CH3-N+-NH2  r 

CH3 

NaOCHa 

02N 

NH2 

A:Ln02 

CH3 

+  CH3-N 

^  1 

CH3 

y  * 

NO2 

DMSO 

NO2 

Picramide 

TMHI 

DATB  (R  =  H) 

TMA 

TATB  (R  =  NH2) 


Figure  7.  Reaction  of  picramide  with  TMHI 


The  TMA  released  can  be  used  to  regenerate  the  TMHI  that  is  consumed  during 
the  reaction.  The  reaction  of  TMA  with  chloramine  (CINH2)  yields 
trimethylhydrazinium  chloride  (TMHCI)  which  is  treated  with  hydroiodic  acid 
to  yield  TMHI  (Figure  8). 22  jhe  use  of  TMHCI  for  nucleophilic  aminations  of 
nitroarenes  is  under  investigation. 


CH3 

CH3 

CH3 

1 

I 

HI  1  , 

CHg-N  + 

C1-NH2  - ►  CH3-N+-NH2  cr  - 

- ►  CH3-N^-NH2  |- 

CHa 

CH3 

CH3 

TMA 

TMHCI 

TMHI 

Figure  8.  Conversion  of  TMA  to  TMHI 

The  new  synthesis  of  TATB  that  we  intend  to  scale  up  from  the  laboratory 
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NHj 


TATB  TMA 

Figure  9.  Synthesis  of  TATB  from  Inexpensive  starting  materials. 


bench  to  pilot  plant  is  outlined  in  Figure  9.  The  starting  materials  are 
relatively  inexpensive  and  can  be  obtained  from  demilitarization  programs 
(Explosive  D,  UDMH)  or  commercial  sources  (4-nitroaniline,  hydrazine).  We 
have  eliminated  the  use  of  chlorinated  arenes  in  response  to  environmental 
concerns  and  will  recycle  solvents  and  materials  whenever  possible. 23 
Trimethylamine  (TMA),  a  noxious  and  moderately  toxic  gas  (bp  3  OC)  released 
during  the  VNS  reaction,  will  be  reacted  with  chloramine  to  regenerate  the 
TMHCI  consumed  in  the  synthesis  of  TATB. 


3.  Summary  and  Conclusions 

We  have  described  the  use  of  a  surplus  rocket  propellant  (UDMH)  to  prepare 
TMHI,  a  novel  and  highly  reactive  VNS  aminating  reagent.  TMHI  allows  the 
direct  amination  of  nitroarenes.  We  have  developed  a  new  and  improved 
synthesis  of  TATB  using  TMHI  and  relatively  inexpensive  starting  materials. 
We  are  currently  investigating  the  use  of  TMHI  and  other  quaternary 
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hydrazinium  compounds  derived  from  UDMH  to  prepare  new  energetic 
materials  useful  for  military  and  civilian  applications. 
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RECYCLING  PROPELLANTS  AND  EXPLOSIVES 
INTO  THE  COMMERCIAL  EXPLOSIVE  INDUSTRY 
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4100  South  8400  West,  Annex  16,  Magna,  Utah  84044,  USA 


ABSTRACT:  As  part  of  environmentally  safe  recycling  of  unwanted  ordnance,  the  commercial 
blasting  industry  is  a  significant  potential  user  of  recovered  energetic  materials.  This  industry  utilizes 
significant  quantities  of  explosive  materials  on  an  annual  basis  and  can  easily  become  an  even  larger 
consumer  of  military  energetics  if  their  requirements  are  properly  addressed.  Significant  quantities  of 
solid  rocket  motor  propellant  are  about  to  emerge  in  the  world  market  as  a  product  requiring  recycling. 
The  commercial  explosive  market  is  a  willing  consumer  of  these  materials,  albeit  at  a  very  low  price. 
The  majority  of  the  world's  supply  of  solid  propellants  contain  high  value  explosives,  fuels  and 
oxidizers.  A  challenge  for  the  technical  community  is  to  develop  products  or  processes  that  can  return 
higher  values  because  of  the  constituent  propellant  ingredients. 


BACKGROUND 

Alliant  Techsystems  and  Global  Environmental  Solutions  (GES)  are  world  leaders  in  both  the 
manufacture  of  conventional  ordnance  and  in  the  environmentally  safe  conversion  of  military  materials 
into  civilian  uses.  Our  commercial  efforts  in  the  Former  Soviet  Union  (FSU)  have  been  showcase 
operations  demonstrating  that  environmentally  safe  conversion  of  militaiy  ordnance  is  not  only 
possible,  but,  based  on  reclamation  values  alone,  can  be  economically  profitable.  Our  commercial 
efforts  in  the  FSU  are  internally  funded  and  not  funded  by  the  U.S.  government. 

Global  Environmental  Solutions  has  been  a  driving  force  in  the  development  of  high-pressure  fluids 
for  energetics  removal  and  the  safe  conversion  of  explosive  ordnance.  Our  independent  research 
performed  in  1991-1992  demonstrated  that  high-pressure  fluids  could  be  controlled  to  safely  cut 
explosives  ranging  from  PETN  to  TNT  at  pressures  of  up  to  one  gigapascal  (147,000  psig).  The 
results  of  testing  on  the  first  178,000  high-explosive  projectiles  were  presented  to  the  United  States 
Department  of  Defense  Explosive  Safety  Board  (DDESB)  in  the  summer  of  1992.  Since  then  GES 
recycling  efforts  have  expanded  significantly  so  that  we  currently  count  in  metric  tons  rather  than 
individual  units. 

Current  Recycling  operations  are  centered  in  two  major  facilities  located  in  the  countries  of  Belarus  and 
Ukraine.  From  these  operations  GES  is  processing  large  caliber  artillery  rounds  through  joint  ventures 
with  these  two  nations'  governments.  The  operations  are  reclaiming  valuable  metals,  such  as  brass, 
copper,  and  steel  from  the  unexpended  ordnance.  Even  more  important  for  environmental 
considerations  is  conversion  of  the  recovered  propellants  and  high  explosives  for  use  in  Belarus'  and 


199 


Ukraine's  commercial  blasting  industries.  These  recycling  efforts  have  been  very  successful  on  the 
pilot  scale  and  are  transitioning  to  full-scale  production.  Within  three  years  over  5000  metric  tons  of 
propellant  have  been  converted  into  commercial  mining  explosive.  These  activities  have  been  a 
substantial  benefit  for  Belarus'  and  Ukraine's  mining  industry.  The  net  results  of  these  munition 
conversion  efforts  include: 

•  an  environmentally  safe  conversion  of  excess  and  obsolete  munitions 

•  employment  for  countries  converting  their  military  to  market  economy  businesses 

•  an  improved  mining  product  to  improve  production  yields 

•  a  profitable  revenue  for  all  participants 

Facilities  in  the  Ukraine  and  Belams  each  have  the  capability  of  processing  approximately  25  metric 
tons  of  TNT  per  day  while  recycling  nearly  all  of  the  water  used  in  the  Fluidjet  washout  systems.  The 
remaining  water  is  lost  through  evaporation  or  as  water  taken  out  with  the  explosives.  The  explosive 
is  then  de-watered  and  processed  for  use  in  the  local  commercial  blasting  industry.  As  a  basis  for  the 
comparison  of  the  production  line's  size,  TNT  manufacturing  lines ^  in  the  United  States  during  the 
Second  World  War  were  rated  at  only  59  metric  tons  per  day. 

Global  Environmental  Solutions’  experiences  in  the  FSU  and  research  ^d  experieixe  in  the  United 
States  converting  nitrocellulose  propellants  and  high  explosives  into  commercial  explosives  have 
allowed  the  following  observations: 


Historical  Perspective  on  Conversion  of  Smokeless  Powders  and  High  Explosives 
for  Commercial  Mining 

The  use  of  smokeless  powders,  high  explosives  and  propellants  for  commercial  blasting  goes  back  at 
least  30  years  to  the  major  expansion  efforts  on  the  Mesabi  and  Vermilion  iron  ore  deposits  of  northern 
Minnesota. 

Post- World  War  II  availability  of  propellants  and  explosive  materials  allowed  entrepreneurial  blasters 
to  mix  differing  proportions  of  propellants  and  explosive  materials  with  oxidizers  and  blending  agents 
to  form  high  grade  blasting  slurries  that  could  outperform  either  dynamite  or  ammonium  nitrate/fuel  oil 
(ANFO). 

The  early  1960s  saw  a  tremendous  rise  in  the  use  of  government  surplus  smokeless  powders  being 
used  in  the  manufacture  of  slurried  explosives.  Both  single  based  and  double  based  propellants  were 
extensively  used  by  the  entrepreneurial  explosive  companies  to  gain  market  advantage  over  established 
explosive  industries.  Today  most  all  of  the  explosives  used  in  mining  are  variations  on  ANFO, 
slurries  and,  most  recently,  emulsions.  The  use  of  smokeless  powder  and  high  explosives  in  slurries 
diminished  during  the  mid-1960s.  As  government  surplus  supplies  diminished,  the  cost  of  the 
materials  became  uneconomical  compared  to  other  materials. 

The  mixtures  of  fuels,  oxidizers  and  additives  that  can  make  an  effective  slurry  explosive  are  almost 
infinite.  An  amazing  amount  of  historical  data  exists  on  the  use  of  surplus  smokeless  powders,  high 
explosives  and  rocket  fuels  for  use  in  the  formation  of  commercial  explosives.  A  brief  compilation  of 
mixes  is  given  in  Table  1. 
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TABLE  1 

Common  Explosive  Mixtures  Using  Surplus  Energetic  Materials 

Designation 

Sensitizer 

Water 

Slurry  Exp.  -  TNT 

17  to  60%  TNT 

8  to  40% 

Slurry  Exp.  -  Comp  B 

15  to  35%  Comp  B 

12  to  16% 

Slurry  Exp.  -  Single  Base 

20  to  60%  SB  Prop. 

2  to  20% 

Slurry  Exp.  -  Dbl  Base 

20  to  60%  Dbl  Base 

2  to  20% 

Slurry  Exp.  -  TNT/Al 

5-25/0.5-40%  TNT/Al 

10  to  30% 

Slurry  Exp.  -  Propellant/ A1 

10-25/1-40  Prop./Al 

12  to  30% 

Zemogranulite  50/50V^ 

50%  TNT 

Zemogranulite  30/7OV 

70%  TNT 

Akvatol  65/356 

27  to  30%  TNT 

AkvatolM-15 

21  to  22%  TNT 

Since  Global  Environmental  Solutions’  goals  are  for  an  environmentally  safe  and  yet  profitable 
solution  to  the  demilitarization  of  conventional  weapons,  the  recycling  of  the  salvaged  smokeless 
powders  and  high  explosives  into  commercial  mining  explosives  is  an  ideal  fit.  The  FSU  has  been 
willing  to  experiment  with  a  small  tonnage  of  material  that  has  been  recycled  and  have  found  these 
mixes  ideal  for  use  in  their  aboveground  quarrying  industry.  The  use  of  quarries  for  test  shots  to 
evaluate  explosive  materials  is  identical  to  the  process  that  the  Bureau  of  Mines  follows  in  the  United 
States. 

The  result  of  testing  in  the  FSU  is  that  the  recycled  energetic  materials  can  substantially  improve 
mining  industry's  efforts  to  become  profitable.  Since  slurry  explosives  use  up  to  30%  explosive  and 
up  to  20%  water,  ammonium  nitrate  supplies  can  be  stretched  to  make  about  twice  the  amount  of 
mining  explosives  than  they  previously  had.  One  of  the  more  interesting  items  of  our  research  to  date 
is  the  need  for  larger  explosive  particle  sizes  for  successful  slurry  explosives.  This  was  especially 
beneficial  as  it  is  both  easier  and  safer  to  process  energetic  materials  to  coarse  pellets  than  to  fine 
powders. 


Current  Problems  with  the  Conversion  of  Smokeless  Powders  and  High  Explosives 
for  Commercial  Mining  in  the  United  States 

Several  barriers  exist  in  the  United  States  that  inhibit  the  use  of  recycled  propellants  and  explosives 
into  the  commercial  mining  industry.  First,  the  reclaimed  energetic  materials  cannot  be  economically 
used  if  the  EPA  identifies  them  as  hazardous  waste.  If  the  material  is  considered  a  hazardous  waste, 
the  burden  of  regulatory  compliance  far  outweighs  any  cost  benefit  that  could  be  realized  through 
recycling.  The  second  major  issue  is  that  even  minor  changes  in  propellant  feedstock  technically 
identifies  the  blended  slurry  material  as  a  "new"  explosive  requiring  full  recertification  by  the 
Department  of  Transportation,  both  to  transport  propellant  and  the  subsequent  explosive.  The  third 
major  problem  is  the  lack  of  adequate  quantities  of  ordnance  being  released  into  the  demilitarization 
market  to  supply  sufficient  explosive  and  propellant  materials  for  the  consumers.  Information  from  the 
explosives  market,  indicates  that  the  typical  explosive  blender  would  need  to  be  able  to  contract  for  at 
least  1.6  million  pounds  of  smokeless  powder  a  year.  Current  U.S.  government  demilitarization 
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policies  and  practices  are  not  making  these  quantities  of  energetic  material  available  to  the  industrial 
base. 


International  Efforts  to  Convert  Smokeless  Powders  and  High  Explosives  to 
Commercial  Mining  Products 

In  contrast  with  the  problems  in  the  United  States »  the  state  committees  of  the  Eastern  European 
countries  are  working  pro-actively  to  assist  efforts  to  recycle  these  munition  materials  into  the 
commercial  marketplace.  These  countries  have  assisted  in  coordinating  the  packaging,  transportation 
and  field  use  of  the  explosives.  Because  of  this  close  cooperation,  no  specific  waivers  have  been 
required  for  use  of  the  recycled  explosive.  In  addition  to  helping  eliminate  bureaucratic  "red-tape,"  the 
countries  are  providing  sufficient  surplus  munition  and  (soon)  rocket  motors  containing  solid 
propellant. 


Use  of  Solid  Rocket  Motor  Propellants  in  Commercial  Explosives 

Work  performed  in  the  United  States  by  Slaughter  et  al"^,  and  Gilion  of  Universal  Tech  Corporation 
have  shown  conclusively  that  solid  rocket  motor  propellants  are  an  efficient  and  desirable  additive  to 
commercial  slurry  explosives  used  by  the  mining  industry.  This  work  shows  that  solid  propellant  of 
various  types,  when  added  in  the  range  of  20%-36%,  actually  increases  the  performance  of  the 
explosive.  To  date,  the  primary  drawback  to  exploiting  these  developments  has  been  an  insufficient 
supply  of  solid  propellant  for  recycling. 

An  analysis  of  the  currently  available  data  on  solid  rocket  motors  shows  that  at  least  44,000  metric  tons 
of  propellant  could  be  available  for  recycling  through  the  year  2000  (Table  2).  Of  note  in  these 
quantities  is  that  the  solid  rocket  motors  listed  for  Russia  and  Ukraine  comprise  only  these  required  to 
be  eliminated  by  treaty.  Not  included  in  Table  2  are  the  worldwide,  non-treaty  covered  strategic 
missiles  and  all  worldwide  tactical  rocket  motors  outside  the  United  States. 


TABLE  2 

Potential  Solid  Rocket  Propellant  for  Demihtarization 


Country  Quantity  (metric  tons) 


Russian  Solid  Rockets^ 

25,135 

Ukrainian  Solid  Rockets^ 

5,640 

U.S.  Solid  Rockets'* 

13,073 

Total 

43,848 

Even  considering  the  enormous  potential  quantity  of  solid  rocket  propellant,  tl^  worldwide  annual 
consumption  of  explosives.  Table  3,  at  almost  500,000  metric  tons,  dwarfs  th^  amount  of  available 
solid  propellant.  Table  3  shows  explosives  as  generic  grades,  with  "grade  A"  representing  a  premium 
quality  primary  explosive,  and  "grade  F"  a  bulk  commodity  commercial  explosive  such  as  ANFO. 
The  split  between  primaiy  and  secondary  explosives  is  approximately  between  grades  "C"  and  "D". 
Solid  rocket  propellant  could  most  likely  displace  a  20%-30%  fraction  of  explosives  in  grades  "E"  and 
F .  Calculating  this  quantity  at  119,250  metric  tons,  tl^  worldwide  commercial  explosives  industry 
could  easily  consume  the  worldwide  stockpile  of  solid  rocket  propellant. 
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TABLES 

Estimated  Worldwide  Consumption  for  Explosives 

Estimated  Worldwide 
Consumption  per  Year 

Potential  Market  Value 

Explosive  Grade 

(metric  tons) 

$(U.S.)/metric  ton 

“A” 

114 

$28,600 

“B” 

228 

$11,000 

“C” 

3,477 

$1,430 

‘D” 

6,136 

$440 

“E” 

136,000 

$220 

“P’ 

341,000 

$132 

TOTAL 

486,955 

The  positive  aspect  of  this  consumption  capability  is  that  there  is  a  readily  available  market,  with 
demonstrated  technology,  that  is  able  to  accept  this  material.  The  market  is  so  sizable  that  full 
consumption  of  the  solid  propellant  will  not  have  a  negative  impact  on  the  business  or  economics  of 
the  explosives  industry  or  suppliers  of  commodities  and  chemicals  to  these  explosives  companies. 

There  are  negative  aspects,  however.  This  ready  and  willing  industry  is  fiercely  competitive!  Values 
paid  for  solid  rocket  propellant  will,  at  best,  be  pennies/kg.  In  addition,  tipping  fees  may  be  required 
if  the  propellant  quantities  are  not  large  and  in  steady  supply. 

The  low  value  of  propellant  means  that  the  cost  to  remove  propellant  from  rocket  motor  cases  will  not 
be  covered.  This  gives  no  incentive  to  the  governments  owning  rocket  motor  assets  to  stop  the 
environmentally  controversial  practice  of  destruction  by  open  buming/open  detonation.  Additionally, 
use  of  the  propellant  in  low  value  mining  products  ignores  the  fact  that  propellants  may  have  explosive 
compounds  (such  as  HMX)  worth  up  to  $31,000  (U.S.)/metric  ton. 

The  challenge  for  solid  propulsion  industry  then  becomes  finding  higher  value  uses  for  solid  rocket 
motor  propellants.  Creative  solutions  are  required,  especially  those  that  may  lead  outside  the  current 
bounds  of  the  energetics/explosives  industry.  The  conversion  of  propellants  and  explosives  from 
conventional  ammunition  presents  significant  challenges  even  though  potentially  useful  chemical 
conversions  are  known.  The  lure  for  developing  conversion  technologies  for  solid  rocket  propellants 
resides  in  the  large  quantities  of  higher  value  products  that  are  potentially  available. 

The  rewards  for  successful  new  ideas  to  deal  with  solid  rocket  propellants  will  be  the  ability  to 
encourage  governments  away  from  open  buming/open  detonation,  the  motivation  for  the  industrial 
base  to  capitalize  for  these  processes  at  production  scale,  and  the  more  sound  economic  use  of 
expensive,  useful  propellant  ingredients. 

To  the  commercial  explosives  industry,  do  not  fear.  Ties  with  the  propulsion  industry  will  grow 
stronger  as  these  assets  come  into  the  industrial  base  for  demilitarization.  Even  the  non-valuable 
propellants  an/or  residual  materials  will  make  good  fuel  additives  to  commercial  explosives.  For  a 
sizable  fraction  of  the  rocket  motor  arsenal  the  commercial  mining  industry  will  be  the  most  logical 
solution  to  a  pressing  problem,  and  the  propulsion  industry  will  be  thankful  for  an  industry  and 
products  that  can  consume  these  propellants. 
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CONCLUSIONS 


Global  Environmental  Solutions  has  demonstrated  that  the  technologies  currently  exist  for  the 
environmentally  safe  and  profitable  demilitarization  of  ordnance,  including  die  conversion  of 
smokeless  powders,  explosives  and  solid  propellants  into  commercially  desirable  mining  explosives. 
Administrative  and  regulatory  issues  must  be  addressed  to  exploit  recycling  these  materials  into  North 
American  markets. 
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ABSTRACT:  When  disposing  of  trinitrotoluene  (TNT),  the  TNT-melt  must  be  pretreated.  One 
possibility  is  to  emulsify  the  melt  in  water  after  the  TNT  has  been  dismantled  from  the  explosive 
charge.  Production  of  these  emulsions  can  be  accomplished  using  emulsifying  machines  based  on  the 
rotor-stator  principle,  e.g.,  ring  gear  dispersion  machines  or  colloid  mills.  Droplet  size  reduction 
results  from  the  normal  and  tangential  stresses  applied  to  the  droplet  as  it  is  subjected  to  laminar  or 
turbulent  flow  fields.  Knowledge  of  the  droplet  size  and  droplet  size  distribution  of  the  dispersed 
phase  is  important  to  determine  the  quality  of  an  emulsion  and  the  emulsification  process.  In  this 
paper,  results  from  the  discontinuous  production  of  TNT-water  emulsions  are  presented.  In  addition, 
the  use  of  laser  diffraction  spectrometry  for  analyzing  TNT  droplet  size  is  described. 


1.  INTRODUCTION 

When  disposing  of  explosive  materials,  the  dismantled  ammunition  must  be  pretreated  prior  to  being 
chemically  transformed  (via,  e.g.,  hydration,  hydrolysis,  combustion,  etc.).  Pretreatment  makes  it 
possible  to  introduce  the  treated  material  continuously  into  a  reactor  vessel.  In  pretreating 
trinitrotoluene  (TNT),  the  TNT-melt  can  be  emulsified  in  water  after  it  has  been  dismantled  from  the 
explosive  charge.  Production  of  a  TNT-water  emulsion  desensitizes  the  explosive  melt  and  also 
increases  the  specific  surface  area  of  the  explosive  phase,  resulting  in  improved  kinetics  of  the 
subsequent  decomposition  reactions.  In  addition,  producing  an  emulsion  allows  one  to  control  more 
effectively  the  material's  rheological  behavior  compared  to  the  pure  explosive  melt.^’^  For 
characterizing  an  emulsion  and  the  emulsification  process,  besides  the  process  variables,  the  most 
important  quantities  to  measure  are  the  droplet  size  and  droplet  size  distribution  of  the  emulsion. 


2.  FUNDAMENTALS 

Emulsions  are  multiple-phase  disperse  systems  consisting  of  at  least  two  immiscible  fluids.  The 
dispersed  phase  exists  as  droplets  in  the  continuous  phase.  One  of  the  phases  is  hydrophilic  (polar), 
while  the  other  is  hydrophobic  (nonpolar),  the  simplest  case  being  oil  in  water.  Fundamentally,  based 
on  the  material  comprising  the  dispersed  phase,  emulsions  are  differentiated,  as  either  oil-in-water 
(OAV)  or  water-in-oil  (W/0)  emulsions.  Dispersed  systems  in  which  the  dispersed  phase  consists  of 
droplets  that  are  themselves  emulsions  are  termed  polyphasic  or  multiple  emulsions.^ 
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Depending  on  the  emulsification  technique,  the  droplet  diameter  of  the  dispersed  phase  ranges  from 
0.1  mm  <  X  <  lOOpm.  These  materials,  termed  macroemuisions,  are  thermodynamically  unstable,  i.e, 
due  to  the  surface  energy  between  the  two  phases,  the  surface  area  of  the  dispersed  phase  will  tend 
toward  a  minimum,  resulting  in  coalescence  of  the  droplets.  The  ultimate  result  may  be  sedimentation 
or  bulk  separation  of  the  two  phases  due  to  density  differences  between  the  two  fluids.  This  is  termed 
instability. 

An  emulsion  is  considered  stable  if  the  distribution  of  the  dispersed  phase  remains  constant  over  a 
given  time  period,  i.e.  there  is  no  change  in  the  droplet  size  distribution  and  no  development  of 
gradients  in  the  dispersed  phase  distribution.  The  duration  of  the  time  period  depends  on  the  particular 
application  in  question. 

Another  type  of  emulsion  is  the  micro  or  colloidal  emulsion  which  has  a  very  low  interfacial  energy 
between  the  dispersed  and  continuous  phase.  These  emulsions  can  therefore  be  produced  using  very 
low  mechanical  energy.  The  average  droplet  size  of  these  extremely  stable  emulsions  is  smaller  than 
O.ljLtm. 


3.  PROCESSING  OF  EMULSIONS 

When  processing  emulsions,  the  oil,  water  and  emulsifying  agent  are  premixed  prior  to 
emulsification.  Through  mechanical  agitation  (mixing  or  stirring)  the  inner  phase  is  dispersed  to  form 
a  coarse  emulsion.  During  subsequent  emulsification,  shear  and  normal  stresses  deform  the  coarse 
droplets  and,  when  a  critical  deformation  is  exceeded,  the  droplets  break-up. 

3.1  Emulsifying  Machines 

A  wide  variety  of  different  emulsifiers  are  available  for  making  emulsions.  Among  the  most 
important,  in  particular  with  respect  to  the  emulsification  of  explosive  materials,  are  stirring  devices 
and  rotor-stator  systems,  such  as  ring  gear  dispersion  machines  and  colloid  mills. 

Ring  gear  dispersion  machines.  Ring  gear  dispersion  machines  have  a  rotor  and  stator  that  are  both 
slit,  with  the  rotor  turning  at  a  high  rate.  The  coarse  emulsion  is  introduced  into  the  center  of  the  rotor- 
stator  system  and  is  dispersed  in  the  radial  direction.  Because  the  fluid  is  centrifugally  accelerated  by 
the  rotor  motion,  this  type  of  dispersion  machine  also  ftinctions  as  a  pump.  The  disruption  of  the 
droplets  is  primarily  achieved  by  turbulence. 

Colloid  mills.  In  colloid  mills,  the  dispersed  phase  is  primarily  broken  up  through  shearing  in  the 
conical  annular  gap  between  the  rotor  and  the  stator.  As  the  coarse  emulsion  enters  the  colloid  mill,  it 
is  accelerated  in  the  circumferential  direction  by  the  rotor.  This  tangential  shear  flow  (Couette  flow)  is 
combined  with  an  axial  pipe  flow  (Hagen-Poiseuille  flow).  There  are  currently  no  results  on  how 
effective  this  combination  of  flows  is  in  breaking  up  droplets. 

Axial  adjustment  of  the  rotor  and  stator  can  be  used  to  vary  the  gap  width  and,  in  turn,  the  residence 
time  and  intensity  of  the  deformation  field  in  the  gap.  To  obtain  an  emulsion  with  a  narrow  possible 
droplet  size  distribution,  the  energy  density  of  mechanical  energy  must  be  as  uniform  as  possible 
within  the  gap. 
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4.  DROPLET  SIZE  ANALYSIS 


Knowledge  of  the  droplet  size  and  droplet  size  distribution  of  the  dispersed  phase  is  important  to 
determine  the  quality  of  an  emulsion.  A  variety  of  different  techniques  are  available  for  determining 
the  particle  or  droplet  size  and  size  distribution  of  the  disperse  phase.  These  techniques  differ  not  only 
in  their  physical  principles,  but  also  in  their  measuring  capacity.  In  this  paper,  the  use  of  laser 
diffraction  spectrometry  is  described.  In  this  method,  particle  size  information  is  obtained  by 
measuring  the  laser  beam's  diffusion  as  a  result  of  its  interaction  with  suspended  particles. 


4.1  Laser  Diffraction  Spectrometry 

The  scattered  light  beam  resulting  from  a  particle's  interaction  with  a  light  source  can  be  characterized 
with  a  quantity  called  the  "Mie-parameter,"  a. 


a 


7t  •  X 


(1) 


The  scattering  behavior  can  be  categorized  into  the  following  ranges,  based  on  the  wavelength  of  the 
light  X  and  the  particle  diameter  x: 

a  «  1  Rayleigh  scattering 

0. 1  <  a  <  10  Mie  scattering 
a  »  1  Fraunhofer  scattering 


Rayleigh  scattering  is  characterized  by  symmetry  in  the  scattered  light,  i.e.,  light  is  scattered  equally  in 
the  forward  and  reverse  directions.  Because  of  the  scattering  symmetry,  particle  size  analysis  cannot 
be  performed  in  the  Rayleigh  regime. 

In  the  Mie  range,  size  analysis  is  possible  for  particles  larger  than  0. 1  pm.  As  the  Mie-parameter  a 
increases,  light  scattered  in  the  forward  direction  increases  in  intensity,  while  the  intensity  of  the  back- 
scattered  light  decreases. 

When  beam  optics  is  valid  (a  »1),  particle  size  analysis  via  scattering  is  straightforward.  The 
narrowest  region  of  forward  scattering  ((p  — >  0)  is  primarily  determined  by  diffraction.  Contributions 
from  scattering  due  to  refraction  and  reflection  are  negligible.  In  this  region,  the  diffraction  is  nearly 
identical  to  that  which  occurs  when  light  interacts  with  a  disk  (also  known  as  Fraunhofer  diffraction).'^ 

Laser  diffraction  spectrometers  are  available  for  measuring  particle  sizes  from  0. 1  to  2000  pm.  The 
measurement  range  using  a  single  detector  can  be  set  by  varying  its  focal  length.  Figure  1  shows  the 
schematic  of  a  laser  diffraction  particle  sizing  instmment. 

The  device  consists  of  a  He-Ne  laser  that  transmits  at  a  wavelength  X  =  632.8  nm  and  a  receiver  that 
contains  an  optical  imaging  system  and  detector  electronics.  In  measuring  emulsions  and  suspensions, 
the  expanded  parallel  light  beam  is  directed  at  a  cuvette  through  which  the  dispersion  flows.  Light 
diffracted  from  the  particles  or  droplets  forms  a  radial  symmetric  Fraunhofer  diffraction  pattern  on  the 
semi-circular  detector.  For  spherical  particles,  this  diffraction  pattern  consists  of  concentric, 
alternating  light  and  dark  rings  (diffraction  rings)  with  a  bright  circle  in  the  center. 
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Figure  1.  Schematic  of  a  laser  diffraction  particle  sizing  instrument 


Equation  2  describes  the  intensity  distribution  of  the  diffraction  pattern  I(r,x)  as  a  function  of  particle 
diameter  x  and  the  radial  distance  r  to  the  optical  axis. 


Here,  f  is  the  focal  length  and  Ji  is  the  Bessel  function  of  first  art  and  first  order. 

Measurement  of  a  collection  of  particles  results  in  additive  overlapping  of  the  scattered  light  intensity 
from  each  individual  particle.  The  particle  size  distribution  can  be  calculated  from  the  measured 
intensity  distribution  of  the  scattered  light.^  A  major  advantage  of  laser  diffraction  spectrometry  is  the 
relatively  short  measurement  time  required  compared  to  non-optical  techniques. 


5.  EXPERIMENTAL  AND  RESULTS 

The  trinitrotoluene-water  emulsions  described  tere  were  produced  in  a  discontinuous  emulsifier 
illustrated  in  Figure  2.  Following  pre-emulsification  with  a  stirrer,  which  produced  a  droplet  size  from 
80  to  150  p,  the  emulsion  was  introduced  into  a  ring  gear  dispersion  unit  for  fine  emulsification.  This 
unit  had  a  rotor  with  a  diameter  d  =  16  mm  and  a  gap  width  s  of  0.8  mm.  The  rotor  rotation  rate  was 
variable  between  5000  and  18000  rpm.  Temperature  control  was  achieved  using  a  double-walled 
agitated  tank  fitted  with  a  thermostat.  The  particle  size  distribution  of  the  TNT-droplets  was 
determined  via  laser  diffraction  spectrometry  as  described  in  section  4.1.  The  spectrometer  was 
equipped  with  a  dispersion  unit  as  well  as  an  electrical  heating  system. 
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Th  ermostat 


Figure  2.  Discontinuous  emulsification  machine 


Because  2,4,6  trinitrotoluene  has  a  melt  temperature  of  approximately  80  °C,  the  temperature  used 
for  producing  and  characterizing  the  TNT-water  emulsion  was  always  greater  than  80  °C. 

A  qualitative  assessment  of  the  emulsion’s  stability  was  obtained  through  sedimentation  experiments 
as  well  as  cooling  experiments,  in  which  the  temperature  of  the  agitated  tank  was  continuously 
lowered.  The  cooling  experiments  showed  that  a  TNT-water  emulsion  with  an  initial  temperature  of 
85  °C  remained  fluid  down  to  -  75  °C,  using  a  moderate  cooling  rate  of  d\)/dt  =  -0.5  °C  /min.  At  this 
temperature,  the  TNT  droplets  began  to  sediment,  due  to  their  higher  density  compared  to  water.  At  v 
=  70  °C,  TNT  crystals  (needles)  form  beginning  at  the  free  surface,  and  finally  at  =  60  °C  all  of  the 
TNT  exists  in  solid  form. 


Figure  3.  Droplet  size  distribution  of  a  TNT-water  emulsion 
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The  sedimentation  experiments  showed  that  at  =  85  approximately  10  volume  percent  of  the 
dispersed  phase  had  sedimented  within  10  minutes.  After  20-25  minutes  a  sedimentation  layer 
consisting  of  approximately  20%  of  the  TNT  had  formed  at  the  bottom  of  the  agitated  tank.  In  the 
TNT-concentration  range  examined  (from  5  to  25  weight  percent),  there  was  no  difference  in  the 
sedimentation  behavior  resulting  from  restricted  motion  of  the  droplets. 

Figure  3  shows  an  example  of  the  droplet  size  characterization  of  a  TNT- water  emulsion  using  laser 
diffraction  spectrometry.  The  volume  sum  distribution  QjCx)  and  the  volume  density  distribution  qgCx) 
are  plotted  for  an  emulsion  with  a  TNT  concentration  of  20  wt.  percent  that  was  manufactured  using  a 
rotor  speed  of  10000  rpm  and  an  emulsification  time  At  =  180  s.  The  median  droplet  size  X50  3  was 
1 1.45  pm,  and  the  mean  diameter  x  was  10.03  pm. 

The  following  set  of  experiments  was  conducted  to  determine  the  parameters  and  operating  conditions 
that  are  most  effective  in  achieving  small  droplet  size  in  a  discontinuous  emulsion  process.  The 
influence  of  these  parameters  and  operating  conditions  on  the  ultimate  droplet  size  distribution  were 
also  examined.  At  a  constant  rotation  rate  n  of  12000  rpm,  the  final  droplet  diameter  was  measured  as 
a  function  of  emulsification  time.  It  is  shown  in  Figure  4  that  the  droplet  size  does  not  significantly 
change  for  emulsification  times  greater  than  90  s.  The  droplet  size  approaches  an  asymptotic  value  of 

3  to  5  pm. 


0  90  180  270  360  450  540  s  720 

emulsification  time  t 

Figure  4.  Mean  droplet  diameter  as  a  function  of  emulsification  time 


The  dependence  of  the  droplet  size  on  TNT  concentration  is  shown  in  Figure  5  for  three  different 
rotation  rates.  There  is  no  significant  concentration  dependence  over  the  range  from  5  to  30  weight 
percent  TNT. 

The  dependence  of  the  droplet  size  on  the  Reynolds  number  in  the  annular  gap  is  shown  in  Fig.  6. 
Assuming  simple  Couette  flow,  the  Reynolds  number  in  the  gap  can  be  calculated  as  follows: 


Re  = 


Pk  -n-s 

Tlk 


(3) 
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Figure  5.  Mean  droplet  diameter  as  a  function  of  TNT  concentration 

It  is  clear  from  Fig.  6  that  smaller  drop  sizes  are  obtained  as  the  Reynolds  number  increases.  The  size 
approaches  a  limiting  value  of  x  =  3  p.m.  At  smaller  values  of  the  Reynolds  number  (i.e.,  a  given 
machine  geometry  and  given  material,  dispersed  at  lower  rotation  rates)  the  average  droplet  diameter 
for  this  system  (TNT-water)  is  20-25  jiim. 


Figure  6.  Mean  droplet  diameter  as  a  function  of  Reynolds  number 


From  the  results  shown  in  these  Figures,  it  is  concluded  that  ring  gear  dispersion  units  can  be  used  to 
manufacture  TNT-water  emulsions  with  an  optimum  droplet  size  for  subsequent  disposal  in  chemical 
reactions  such  as  hydration  or  hydrolysis. 
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ABSTRACT:  Los  Alamos  National  Laboratory  has  demonstrated  that  many  energetic  materials  can  be 
rendered  non-energetic  via  reaction  with  sodium  hydroxide  or  ammonia.  This  process  is  known  as  base 
hydrolysis.  A  pilot  scale  reactor  has  been  developed  to  process  up  to  20  kg  of  plastic  bonded  explosive  in  a 
single  batch  operation.  In  this  report,  we  discuss  the  design  and  operation  of  the  pilot  scale  reactor  for  the 
processing  of  PBX  9404,  a  standard  Department  of  Energy  plastic  bonded  explosive  containing  HMX  and 
nitrocellulose.  Products  from  base  hydrolysis,  although  non-energetic,  still  require  additional  processing 
before  release  to  the  environment.  Decomposition  products,  destruction  efficiencies,  and  rates  of  reaction  for 
base  hydrolysis  will  be  presented.  Hydrothermal  processing,  previously  known  as  supercritical  water 
oxidation,  has  been  proposed  for  converting  organic  products  from  hydrolysis  to  carbon  dioxide,  nitrogen, 
and  nitrous  oxide.  Base  hydrolysis  in  combination  with  hydrothermal  processing  may  yield  a  viable 
alternative  to  open  buming/open  detonation  for  destruction  of  many  energetic  materials. 


INTRODUCTION 

Bench  and  Pilot-Scale  Base  Hydrolysis  of  HMX  Based  Explosives 

The  safe  disposal  of  excess  high  explosives  has  become  increasingly  important  in  recent  years  due  to  the 
disassembly  of  large  quantities  of  Cold  War  munitions.  Thus  far,  the  primary  disposition  of  waste  high 
explosives  has  been  open  buming/open  detonation  (OB/OD).  Due  to  noise  concerns  and  the  dispersion  of 
undesirable  burning  products,  OB/OD  has  recently  fallen  out  of  favor  with  state  and  federal  regulatory 
agencies.  This  has  prompted  the  development  of  safe  and  environmentally  benign  disposal  alternatives.  One 
high  explosive  disposal  alternative  being  developed  in  parallel  by  industry  and  Los  Alamos  National 
Laboratory  is  base  hydrolysis. 

Base  hydrolysis  is  a  process  whereby  explosives  are  reacted  with  concentrated  base  solutions  (1-8  M)  at 
elevated  temperatures  (80°C  to  150°C)  to  produce  non-energetic,  water  soluble  reaction  products.  At 
temperatures  above  the  normal  solution  boiling  point,  the  process  is  carried  out  in  pressurized  reactors.  Bases 
used  include  sodium  hydroxide,  potassium  hydroxide,  ammonium  hydroxide,  and  sodium  carbonate; 
although  water  is  the  most  commonly  used  solvent,  other  solvents  (i.e.,  ethanol,  DMSO)  may  be  used  neat  or 
in  combination  with  water  to  reduce  mass  transfer  resistances  to  reaction.  Several  different  reaction  paths 
occur  in  the  hydrolysis  process,  including  hydrolysis,  oxidation/reduction,  and  substitution/elimination. 
These  reaction  paths  produce  a  product  stream  which  largely  consists  of  simple  carboxylic  acids,  amines, 
sodium  salts,  ammonia,  and  gaseous  nitrogen/nitrous  oxide.  In  general,  hydrolysis  reactions  consist  of 
parallel  mass  transfer  and  reaction  kinetic  steps;  the  temperature,  pressure,  and  solvent  combination  determine 
whether  mass  transfer  or  reaction  kinetics  is  the  rate  limiting  step. 
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A  variety  of  explosives  has  been  successfully  treated  using  base  hydrolysis.*  Both  nitramines  and 
nitroaromatics  are  converted  to  water  soluble,  non-energetic  products.  When  high  volume  loadings  of  base- 
resistant  binders  are  present  in  a  formulation,  solvents  generally  have  to  be  added  to  swell  the  binder,  thus 
allowing  base  access  to  the  high  explosive.  In  addition  to  bulk  explosives,  base  hydrolysis  has  also  been 
shown  to  be  effective  in  regenerating  explosive-laden  activated  carbon,^  and  in  treating  HE  contaminated  rags 
and  soils. 

Base  hydrolysis  has  been  successfully  transitioned  to  large  scale  operations.  Currently,  two  large-scale  units 
are  scheduled  for  implementation  later  this  year  at  Eglin  Air  Force  Base  and  the  Pantex  Plant  in  Amarillo, 
Texas.  An  amrnonia-based  hydrolysis  process  is  operational  at  Thiokol  to  treat  CYH  rocket  propellant  .  ^  In 
addition.  Chemical  Systems  Division,  a  propellant  manufacturer  in  northern  California,  is  currently  using  base 
hydrolysis  to  destroy  some  of  their  waste  energetic  materials."^ 

The  objective  of  this  paper  is  to  summarize  research  efforts  in  the  base  hydrolysis  of  HMX  formulations  at 
Los  Alamos  National  Laboratory  (LANL).  Research  at  LANL  has  been  primarily  focused  on  PBX’s  from 
Department  ofEnergy  dismantlement  programs.  Specifically,  we  have  focused  on  PBX  9404,  a  94%  HMX 
composition.  Both  bench  and  pilot-scale  studies  have  been  conducted,  with  the  purpose  of  developing  a 
prototype  reactor  for  use  at  the  DOE’s  dismantlement  plant  at  Amarillo,  Texas.  Atmospheric  and  pressurized 
hydrolysis  processes  have  been  evaluated  in  the  laboratory.  Results  from  the  testing  of  a  pilot-scale 
atmospheric  hydrolysis  reactor  for  PBX  9404  will  be  presented  here.  Ongoing  work  includes  further 
investigation  of  mass  transfer  resistances  as  a  function  of  temperature,  pressure,  and  base  composition,  and 
the  development  of  a  pilot-scale  pressurized  hydrolysis  reactor  for  use  in  DOE  dismantlement  activities. 


EXPERIMENTAL  METHODS 

A  pilot-scale  batch  reactor  was  constructed  for  the  purpose  of  hydrolyzing  large  explosive  pieces  into  water 
soluble,  non-explosive  products.  PBX  9404  (94%  HMX,  3%  nitrocellulose  binder,  3% 
chloroethylphosphate  plasticizer,  and  0.1%  diphenylamine  (nitrocellulose  stabilizer))  was  used  in  this  study. 
Two  forms  of  explosive  were  studied:  molding  powder  and  consolidated  charges.  Molding  powder  consisted 
of  small  particles  or  pieces  of  plastic-covered  explosive  up  to  0.5-1  cm  in  diameter.  Consolidated  pieces  were 
manufactured  by  pressing  molding  powder  in  high  pressure  hydrostatic  presses  at  elevated  temperatures. 

A  stainless  steel  55-gallon  container  was  used  as  the  basis  of  the  reactor  system.  Two  7.5  KW  Tempco 
electric  circulation  heaters  (model  #  CR3N-4008-4G  7.5)  were  used  to  heat  the  fluid  (NaOH,  0.8- IM)  up  to 
90°C.  Hydrolysis  liquor  was  circulated  through  the  heaters  using  a  Wilden  M-1  stainless  stecl/Teflon  air 
operated  diaphragm  pump  (model  #  Ml/ST/TF/TF/ST).  Hydrolysis  liquor  was  pumped  from  the  bottom  of 
the  reactor,  into  die  diaphragm  pump,  through  the  heaters,  and  then  back  into  the  sides  of  the  reactor.  A 
schematic  of  the  initial  reactor  configuration  is  shown  in  Figure  1 .  The  flow  pattern  and  design  of  the  reactor 
were  later  modified  to  alleviate  solid  accumulation  problems,  as  discussed  later. 

An  experiment  was  initiated  by  filling  the  reactor  with  a  base  solution.  Either  molding  powder  or  a 
consolidated  piece  were  placed  in  a  stainless  steel  basket  inside  of  the  reactor.  For  the  molding  powder 
experiments,  only  one  basket  was  used.  For  the  first  consolidated  piece  experiment,  a  cage  was  used  to 
initially  place  the  explosive  inside  the  reactor.  This  cage  rested  on  the  bottom  of  the  steel  basket  inside  the 
reactor.  In  an  attempt  to  increase  the  mass  transfer  in  the  reactor  and  therefore  the  overall  reaction  rate,  tlK: 
steel  basket  was  not  used  in  the  second  consolidated  piece  experiment.  The  steel  cage  merely  rested  on  the 
bottom  of  the  reactor  immediately  above  an  air  sparge. 

Mixing  in  the  reactor  was  accomplished  by  pump  circulation  and  an  air  sparge.  One  inch  stainless  steel  tubing 
and  Swagelok  fittings  were  used  as  plumbing  between  the  reactor,  pump,  and  circulation  heaters. 
Paddlewheel  flowmeters  (Omega,  model  #FP-53(X))  measured  flow  through  either  side  of  the  reactor.  Type 
K  thermocouples  were  used  to  monitor  temperature  at  various  points  in  the  reactor  and  in  the  heater’s 
thermowells.  Viatran  pressure  transducers  (model  244)  measured  head  pressure  of  the  liquid  inside  the 
reactor. 

The  system  was  monitored  remotely  during  experiments  using  a  Stanford  SR630  thermocouple  monitor,  an 
Apple  Macintosh  computer  with  a  National  Instruments  GPIB  board,  and  National  Inshiiments  LabVIEW 
software.  Thermocouple,  flow,  and  pressure  measurements  were  all  monitored  at  the  computer,  and  this  data 
was  all  logged  to  the  hard  drive  as  an  ASCII  file.  In  addition,  the  LabVIEW  program  controlled  the 
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temperature  of  the  heaters  via  a  PID  control  scheme  that  fed  a  4-20ma  current  to  3  phase,  208V  Omega  solid 
state  relays  (SCR73Z-260  60).  The  control  panel  from  the  Lab  VIEW  program  is  shown  in  Figure  2. 

Liquid  samples  were  analyzed  by  ion  chromatography  (IC)  for  anions  and  cations,  total  organic  carbon  (TOC) 
and  total  inorganic  carbon  (TIC),  and  by  a  pH  meter.  The  IC  anion  analysis  determined  acetate,  formate, 
nitrite,  nitrate,  oxalate,  and  glycolate.  Cations  measured  were  ammonia,  sodium,  and  methylamine. 


Base  Hydrolysis  Batch  Reactor  Schematic,  Initial  Configuration 


Figure  1.  Base  hydrolysis  batch  reactor,  initial  configuration.  This  configuration  was  used  only  during  the 
first  30  pound  molding  powder  experiment. 


RESULTS  AND  DISCUSSION 


Pilot-Scale  Results 

PBX  9404  molding  powder.  Two  experiments  were  performed  using  30  lb  of  molding  powder.  In  the  first 
experiment,  significant  solids  accumulation  occurred.  This  accumulation  severely  choked  fluid  flow  through 
the  heaters.  In  the  original  plumbing  scheme  (Figure  1),  the  powder  was  pumped  from  the  bottom  of  the 
reactor,  into  the  pump,  and  then  through  the  external  circulation  heaters.  The  nitrocellulose  in  the  powder 
reacts  relatively  fast  (within  minutes  at  80°C),^  and  most  of  the  HMX  accumulated  in  the  pumps  and  the 
plumbing  near  the  bottom  of  the  reactor.  Within  the  first  40  minutes  of  operation,  the  reactor  plugged.  The 
bulk  fluid  temperature  at  the  time  of  plugging  was  68°C.  Although  serious  plugging  occurred  throughout  the 
bottom  of  the  reactor  system,  no  serious  exotherms  were  detected  in  any  part  of  the  reactor. 

Because  of  the  serious  nature  of  the  solids  accumulation,  the  reactor  was  reconfigured  so  that  fluid  was 
pumped  from  the  side  of  the  reactor,  into  the  diaphragm  pump  and  to  the  heaters  before  being  returned  to  the 
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bottom  of  the  reactor.  The  new  pumping  scheme  is  shown  in  Figure  3.  The  advantage  of  this  pumping 
scheme  is  that  HMX  powder  that  has  not  yet  reacted  in  the  tank  will  not  settle  and  plug  the  reaction  pumping 
system  and  heaters.  The  disadvantage  is  that  since  the  pump  inlet  is  taking  fluid  from  the  sides  of  the  reactor, 
a  minimum  amount  of  liquid  must  be  maintained  in  the  reactor  for  the  system  to  work  properly.  This 
minimum  amount  is  approximately  40  gallons. 


Figure  2.  Lab  VIEW  control  panel  for  computer  control  of  pilot-scale  base  hydrolysis  unit.  LabVIEW  was 
run  on  an  Apple  Macintosh  Ilfx  computer. 


Another  30  lb  molding  powder  experiment  was  conducted  with  the  configuration  displayed  in  Figure  3.  In 
this  second  molding  powder  experiment,  the  fluid  was  heated  from  30°C  to  85°C  in  approximately  1.6  hours. 
Similar  to  the  first  experiment,  by  the  time  the  solution  reached  85®C,  most  of  the  nitrocellulose  had  reacted 
releasing  the  fine  HMX  powder.  At  this  point,  possible  intermittent  plugging  was  observed  in  one  of  the  flow 
lines,  which  continued  for  about  70  minutes,  histead  of  plugging,  the  paddle  of  one  of  the  flowmeters  may 
have  caught  itself  during  this  time  on  a  plastic  insertion  fitting.  The  reaction  time-temperature  history  is 
shown  in  Figure  4.  In  this  figure,  the  heater  temperature,  the  bulk  fluid  temperature,  and  the  set  point 
temperature  are  shown.  Approximately  2  hours  after  the  experiment  began,  one  of  two  flow  sensors  indicated 
that  intermittent  plugging  or  flowmeter  measurement  problems  were  taking  place.  When  this  was  observed, 
the  heaters  were  completely  turned  off.  This  is  indicated  by  the  abmpt  change  in  temperature  set  point  at 
approximately  3  hours  time,  (dashed  line.  Figure  4).  After  the  beating  power  was  turned  off,  a  slight 
exotherm  of  approximately  4®C  was  also  observed  and  is  indicated  on  the  graph.  Most  likely,  some 
nitrocellulose  continued  to  hydrolyze  and  caused  the  temperature  increase. 

PBX  9404  consolidated  pieces.  This  reactor  was  originally  designed  to  remediate  large  pressed  pieces  of 
PBX  9404,  not  molding  powder.  Much  of  the  DOE’s  remediation  mission  is  to  get  rid  of  large  pressed  pieces. 
These  pieces  require  a  longer  reaction  time  since  the  system  is  mass  transfer  limited,  which  leads  to  less 
powder  present  at  any  one  time,  reducing  the  chance  of  plugging.  Furthermore,  the  slower  reaction  rate  will 
cause  the  exotherm  created  by  the  degradation  of  nitrocellulose  to  be  much  less.  The  molding  powder 
experiments  were  judged  to  be  a  worst  case  reaction  scenario  for  solids  loading  in  the  reactor.  They  were 
carried  out  to  both  illustrate  the  robust  capabilities  of  the  system,  and  to  give  the  system  a  thorough  safety  test. 
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Figure  3.  Base  hydrolysis  reactor  schematic,  final  configuration.  This  configuration  was  used  after  the 
reactor  plugged  significantly  in  the  first  molding  powder  experiment. 

Consolidated  pieces  were  hydrolyzed  in  two  different  experiments.  Each  experiment  involved  a  single 
pressed  PBX  9404  piece  made  from  molding  powder.  In  the  first  experiment,  a  charge  weighing  less  than  35 
lb  was  hydrolyzed  in  45  gal  of  1  M  NaOH.  The  fluid  was  initially  heated  to  near  WC  and  then  held  above 
80°C  for  9  hours.  The  reactor  was  allowed  to  cool  overnight.  The  next  morning,  the  basket  was  taken  out  of 
the  reactor,  and  a  significant  quantity  of  the  pressed  piece  remained.  The  piece  was  not  weighed  at  this  point, 
but  was  returned  back  to  the  reactor  and  heated  again  that  day.  The  reactor  was  held  above  80°C  for  an 
additional  8.7  hours.  The  reactor  was  then  allowed  to  cool  overnight.  The  time-temperature  history  of  the 
reaction  is  shown  in  Figure  5.  The  following  morning,  a  small  piece  was  removed.  The  solution  was  then 
drained  and  filtered,  and  a  small  amount  of  additional  HMX  powder  was  recovered  (100-200g).  The  total 
amount  left  was  6%  of  the  starting  material.  The  rest  of  the  explosive  had  been  converted  to  base  hydrolysis 
products  (i.e.,  water  soluble  aqueous  compounds,  and  N2,  N2O,  and  NH3). 

In  the  second  experiment,  we  attempted  to  increase  the  mixing  and  therefore  the  overall  mass  transfer  of  the 
solid  explosive  into  the  surrounding  base  solution.  We  achieved  this  by  removing  the  basket  that  held  the 
explosive  as  previously  described  in  the  Experimental  Methods  section.  It  was  hoped  that  the  additional 
mixing  created  by  having  the  air  sparge  near  the  explosive  would  cause  the  explosive  to  hydrolyze  faster. 
This  was  not  necessarily  the  case.  In  the  second  experiment,  we  achieved  approximately  87%  destruction. 
This  was  less  than  the  first  experiment,  where  we  achieved  94%  destruction,  however  the  reaction  was  not 
held  at  temperature  as  long.  These  results  are  summarized  in  Table  1 . 


TABLE  1 

Destruction  Percentage  of  Consolidated  PBX  9404  High  Explosive 


Experiment  Number 

Time  above  80°C  (h) 

High  Explosive  Destruction  % 

Consolidated  Exp  #1 

21 

94 

Consolidated  Exp  #2 

18 

87 

Both  experiments  proceeded  at  approximately  the  same  rate.  If  the  rate  is  assumed  to  be  approximately  linear 
for  the  whole  reaction,  the  amount  of  explosive  hydrolyzed  per  unit  time  in  the  second  experiment  is  slightly 
more  (4.9%  reacted  per  hour  vs.  4.6%  for  the  first  experiment).  This  assumption  is  not  completely  tme;  past 
experiments  have  shown  that  the  reaction  rate  is  not  linear  with  time.^  The  reaction  slows  somewhat  as  it 
proceeds,  both  due  to  the  depletion  of  hydroxide  ion  as  the  reaction  progresses  and  to  the  increased 
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concentration  of  soluble  salts  in  the  liquid  that  tend  to  “salt  out”  organic  species,  thus  reducing  their  solubility. 
Approximate  reaction  rates  of  the  two  consolidated  pieces  are  reported  in  Figure  6.  Also  shown  in  Figure  6  is 
the  overall  reaction  rate  of  the  second  molding  powder  experiment  and  a  comparison  to  experiments  performed 
in  a  lab  scale  reactor  at  90  and  ISO^'C.  In  one  of  the  lab-scale  experiments  (indicated  by  150-P  on  the  x-axis), 
a  single  consolidated  piece  (2”  diameter  by  3”  high  cylinder)  weighing  a  total  of  284  g  was  used.  In  this 
experiment,  the  temperature  was  raised  to  150°C  for  53  min.  At  the  end  of  the  experiment,  99.8%  of  the 
explosive  had  been  destroyed. 


Figure  4.  Second  PBX  9404  molding  powder  Experiment.  Thirty  pounds  of  PBX  9404  molding  powder 
were  hydrolyzed  in  45  gal  of  1.0  M  NaOH. 


Figure  6  shows  a  qualitative  comparison  in  reaction  rates  between  molding  powder  and  consolidated  pieces  at 
both  small  and  large  scales.  Since  this  is  a  mass  transfer  limited  reaction, ^the  available  explosive  surface  area 
plays  a  large  role  in  the  rate.  This  is  reflected  in  the  faster  reaction  rate  for  molding  powder  compared  to  the 
consolidated  pieces.  The  high  temperature  experiments  are  included  to  show  the  increase  in  mass  transfer 
(even  without  stirring),  and  therefore  the  overall  increase  in  reaction  rate.  A  direct  comparison  of  rates  for 
consolidated  pieces  shows  that  destruction  rates  increase  nearly  2  orders  of  magnitude  when  the  temperature  is 
increased  from  90°C  (mixed)  to  150°C  (with  no  mixing).  We  do  not  expect  that  reaction  rates  will  scale 
linearly  with  respect  to  explosive  size  because  of  the  general  decrease  in  ratio  of  surface  area  to  volume  when 
larger  consolidated  pieces  are  used.  Preliminary  estimates  indicate  that  a  large  scale  charge  may  take  from  2  to 
4  times  longer  than  the  small  scale  piece  treated  at  150°C.  Mixing  should  also  significantly  increase  mass 
transfer  at  the  higher  temperatures  as  well. 

Product  analysis.  Major  carbon  products  in  solution  consist  of  sodium  formate  and  sodium  acetate.  These 
two  products  account  for  approximately  40  to  50%  of  the  total  carbon  from  the  high  explosive.  Sodium  nitrite 
is  the  major  nitrogen  product  in  solution  accounting  for  approximately  20%  of  tfc  nitrogen  in  the  explosive. 
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Gas  data  were  not  collected  in  these  experiments.  In  previous  experiments,''  nitrogen  gas,  nitrous  oxide,  and 
ammonia  are  released  in  the  reaction,  and  account  for  about  half  of  the  nitrogen  in  the  explosive.  Total  carbon 
and  total  organic  carbon  were  also  measured  at  the  end  of  each  experiment.  These  results  are  summarized  in 
Table  2,  which  presents  Ion  Chromatography  results  for  both  sets  of  experiments.  We  are  also  aware  that 
sodium  glycolate  is  present  in  our  product  mixture,  but  glycolate  and  acetate  elute  out  at  similar  retention  times 
in  our  IC  analysis. 


Figure  5.  First  PBX  9404  consolidated  piece  experiment.  One  PBX  9404  pressed  piece  (weighing  less  than 
35  lb)  was  hydrolyzed  in  45  gal  of  1.0  M  NaOH. 


100.0% 


Small  Scale 


150-MP  150-P  90-MP  80-MP  90-MP  90-P 

Reaction  Conditions 


Figure  6.  Reaction  rate  comparison  between  small  and  large  scale  reactions.  Temperature  (°C)  and  explosive 
form  are  indicated  on  the  x-axis.  MP  refers  to  molding  powder  and  P  refers  to  consolidated  pieces.  Mixing 
was  carried  out  in  some  experiments  and  is  indicated. 


The  products  shown  in  Table  2  are  amenable  to  treatment  by  hydrothermal  oxidation.  Indeed,  we  have  had 
success  mineralizing  organic  carbon  using  nitrite  and  nitrate  available  in  the  solution.^  Hydrothermal 
oxidation  experiments  performed  on  PBX  9404  hydrolysate  indicated  that  organic  carbon  conversions  greater 
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than  99%  were  achieved  at  relatively  mild  operating  conditions  (374°C,  300  bar).  To  completely  mineralize 
the  organic  carbon,  additional  oxidant  such  as  hydrogen  peroxide  must  be  added  to  the  hydrothermal  system.^ 


TABLE  2 


IC  products  (%  of  C  or  N  in  explosive  processed) 

Molding 
_powder  2 

Consol, 
piece  1 

- i _ 

Consol, 
piece  2 

Acetate 

19% 

22% 

25% 

Formate 

16% 

21% 

23% 

Nitrite 

20% 

19% 

20% 

Nitrate 

0.7% 

0.5% 

0.7% 

Organic  carbon 

99%  * 

93% 

101% 

Inorganic  carbon 

1.1%* 

1.4% 

1.8% 

experiment. 


CONCLUSIONS 

We  have  successfully  hydrolyzed  HMX  plastic  bonded  pressed  explosives  at  a  pilot  sc^es  of  less  than  35  lb 
of  explosive.  Reaction  rates  are  slower  than  similar  bench  scale  exf^rimcnts  due  to  decreases  in  mixing 
efficiency  at  larger  scales.  Times  up  to  20  hours  are  required  to  destroy  90%  of  the  explosive.  Major  aqueous 
carbon  products  include  sodium  acetate,  formate,  and  glycolate,  all  of  which  are  amenable  to  hydrothermal 
oxidation.  Lab  scale  experiments  at  higher  temperatures  (e.g.,  up  to  150°C)  indicate  that  destruction  rates  may 
be  an  order  of  magmtude  faster  than  reactions  carried  out  at  90°C.  More  work  is  needed  to  quantify  scale-up 
data  for  these  higher  temperatures. 
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CRYOGENIC  WASHOUT  OF  SOLID  ROCKET  PROPELLANTS* 
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ABSTRACT:  Cryogenic  washout  (U.S.  Patent  No.  5025632)  is  a  process  using  liquid  nitrogen 
(LN2)  as  a  washout  medium  to  remove  propellant  from  within  solid  rocket  motors.  The  process  is 
environmentally  clean  and  produces  dry,  size- reduced  particles  that  are  well  suited  for  disposal  or 
for  reuse  in  applications  such  as  commercial  explosives. 

A  prototype  cryogenic  washout  facility  has  been  constructed  for  washout  of  Minuteman  II  Stage  3 
solid  rocket  motors  under  a  contract  with  the  U.S.  Air  Force.  Design  support  testing  on  a  bench - 
scale  system  has  been  completed.  Workup  and  subscale  safety  tests  are  in  progress. 

The  design  support  testing  included  laboratory  and  bench-scale  testing  on  Hazard  Class  1.1  and  1.3 
propellants.  The  laboratory  tests  established  that  essentially  no  change  in  the  sensitivity  of  the  test 
propellants  occurred  between  ambient  and  cryogenic  temperatures. 

This  paper  describes  prototype  equipment  design  and  presents  a  summary  of  the  testing  performed. 


INTRODUCTION 

During  the  past  four  years,  cryogenic  washout  has  been  under  development  for  the  Air  Force 
Environics  Directorate  of  Armstrong  Laboratory  by  General  Atomics  (GA).  A  cryogenic  safety  data 
base  was  acquired  under  Contract  No.  F08635-91-C-0179  for  impact,  friction,  low  level  shock, 
electrostatic  discharge,  and  finally  high  pressure  LN2  jet  impact,  with  no  initiations. 

Through  sponsorship  from  Joint  Ordnance  Commanders  Group,  GA  was  awarded  a  follow-on 
contract  (F08635-92-C-0075)  from  the  Air  Force  to  design,  build,  and  test  a  prototype  system  for 
Class  1.1  solid  rocket  motor  propellant  disposal.  GA's  subcontractors  are  Alliant  TechSystem  Inc., 
Thiokol  Corporation,  El  Dorado  Engineering,  Eco  Waste  Technologies  together  with  the  University 
of  Texas  Balcones  Research  Center,  and  Fluor  Daniel.  Two  innovative  technologies  will  be  used  for 
the  prototype  system:  (1)  cryogenic  washout  for  propellant  removal  and  size  reduction  and 


^Approved  for  public  release;  distribution  is  unlimited. 
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(2)  hydrothermal  oxidation  (HTO)  for  propellant  disposal.  HTO,  also  known  as  supercritical  water 
oxidation  (SCWO),  uses  supercritical  water  as  a  medium  in  which  these  hazardous  materials  are 
completely  oxidized  in  a  ftilly  contained  system.  In  combination,  these  technologies  provide  an 
environmentally  safe  and  cost-effective  system  for  disposal  of  these  propellants. 


PROTOTYPE  CRYOGENIC  WASHOUT  SYSTEM  DESCRIPTION 

The  current  cryogenic  washout  system  is  structured  to  solve,  in  a  near-optimum  maimer,  the  end-to- 
end  problem  of  Class  1 . 1  propellant  removal,  size  reduction,  reuse,  or  disposal.  A  prototype  system 
has  been  constructed  to  remove  and  size  reduce  propellant  using  cryogenic  washout  and  to  destroy 
the  propellant  by  means  of  HTO.  The  prototype  system  consists  of  the  process  elements  shown  in 
Figure  1.  The  prototype  system  was  designed  to  handle  the  Minuteman  II  Stage  3  rocket  motor  (see 
Figure  2). 
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Figure  1.  Block  flow  diagram  for  prototype  Class  l.I  propellant  demilitarization  system 


Figure  2.  Minuteman  II  Stage  3  Motor 


222 


The  general  arrangement  of  the  prototype  PRS  is  shown  in  Figure  3.  The  rocket  motor  is  mounted 
in  a  fixture  that  supports  the  motor  and  provides  torque  transmission,  riding  rings,  and  a  seal  surface . 
The  fixture  is  mounted  on  an  incline  in  a  frame  that  incorporates  a  rotary  drive  mechanism  and 
rollers  that  mate  with  the  riding  rings  on  the  fixture.  The  seal  ring  mates  with  a  seal  flange  on  the 
washout  enclosure.  The  washout  enclosure  collects  and  directs  propellant  particles  and  residual  LN2 
into  the  transport/hydrolysis  container.  The  gas  is  ducted  to  the  gas  filter  assembly  before  discharge 
to  the  atmosphere.  The  LN2  washout  lance  passes  through  the  washout  enclosure  where  a  boot  is 
used  to  provide  a  seal  and  accommodate  the  axial  and  radial  translation  of  the  lance.  The  high- 
pressure  LN2  supply  (9,000  to  30,000  psi)  is  connected  to  the  drive  end  of  the  lance  with  flexible 
connections. 


Figure  3.  PRS  equipment  arrangement  (looking  north) 

INITIAL  SAFETY  TESTS 

The  initial  prototype  design  support  tests  included  safety  testing  to  characterize  the  CYH  and  DDP 
Class  1.1  propellant  types  contained  in  the  Minuteman  II,  Stage  3  motor.  These  tests,  performed  by 
Alliant  TechSystem  and  Thiokol  Corporation  (TC),  included  initiation  sensitivity,  electrical 
properties,  material  compatibility,  combustion,  dust  explosibility,  shock  sensitivity, 
photomicroscopy,  angle  of  repose,  and  packing  fraction.  Follow-up  testing  was  then  performed  by 
both  Alliant  TechSystem  and  TC  to  determine  initiation  sensitivity.  Tests  included  the  Hercules- 
modified  Bureau  of  Mines  impact  test,  the  Hercules  Allegany  Ballistics  Laboratory  (ABL)  sliding 
friction  test,  and  the  ABL  electrostatic  discharge  (BSD)  test.  Impact  tests  establish  threshold 
initiation  level  (TIL)  and  probability  of  initiation  (probit)  data  to  calculate  safety  margins  for  various 
process  conditions .  The  TIL  corresponds  to  the  highest  energy  level  at  which  no  initiations  would 
be  expected  in  twenty  trials.  Statistically,  this  corresponds  to  0.034  probit.  Friction  tests  establish 
pressure  and  velocity  TILs  and  probits  to  calculate  safety  margins  for  process  conditions.  All 
Hercules  testing  was  done  at  a  sliding  velocity  of  8  ^s  (TC  conducts  friction  testing  at  8,  6,  and  3 
fps.).  BSD  tests  determine  what  level  of  BSD  energy  will  initiate  the  material.  A  summary  of  the 
test  results  for  CYH  propellant  is  listed  in  Table  1 . 
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TABLE  1 

Sensitivity  Companson  for  CYH  Propellant 


Material 

BliUM 

1  Probit  TILs 

Cryo-fines  (<20  mesh) 

ambient  (~72°F) 

3.59X10’ 

8.07X10'' 

-94°F  to  -124°F 

1.01  X  10" 

3.17X  10* 

1.25 

-300°F  to  -320°F 

9.96  X  10' 

1.29 

Slices  (0.333-in.  thk.) 

ambient  (~72°F) 

1.86  X  10" 

5.I6X  10* 

5.05  XI O'' 

-94°F  to  -124°F 

1.38X10" 

4.92  X  10* 

7.30X10' 

-300°F  to  -320°F 

1.82  X  10" 

5.20  X  10* 

5.17X10'' 

Wiley  mill  (<20  mesh) 

ambient  (~72°F) 

3.45X10' 

1.55X  10* 

5.05  X  10' 

TC  categorizes  tested  samples  as  Green  Line  (GL)  —  safe,  Yellow  Line  (YL)  —  somewhat 
hazardous,  and  Red  Line  (RL)  —  very  hazardous,  based  on  characteristics  of  Minuteman  Stage  1 
propellant.  Materials  found  to  be  RL  require  special  precautions  or  rules  developed  to  handle  the 
material.  The  limits  of  each  classification  are  delineated  in  Table  2.  The  TC  test  methods  are  for 
50%  values.  These  are  determined  using  the  Bmceton  method.  The  ABL  tests  are  for  TILs,  which 
are  the  values  at  which  20  consecutive  no-fires  occur. 


TABLE  2 

Thiokol  Material  Sensitivity  Classification 


Test 

1  Line  Limits  I 

Red 

Yellow 

Green 

TC  Impact  (in.)  i 

<4 

4  <  YL  <  1 1 

>11 

TC  Friction  (Ib) 

<  10 

10<  YL<35 

>35 

ABL  Impact  (cm) 

<3.5 

3.5<YL<6.9 

>6.9 

ABL  Friction  (lb  @  fps) 

<  50@3 

50@3  <YL<100@8 

>  I00@8 

TC  BSD  (J) 

<0.06 

0.06<YL<8 

>8 

SBAT  (^’F) 

<225 

225  <  YL  <  300 

>300 

During  hydrolysis  studies  of  CYH/DDP  propellants,  several  initiation  sensitivity  tests  were 
performed.  Table  3  presents  the  results  of  testing  CYH  and  DDP  chips.  Table  4  shows  the  results  ot 
meshed  and  hydrolyzed  CYH.  For  both  of  these  tables,  YL  and  RL  values  are  shown  with  a  double 
border  around  the  cell;  GL  values  have  single  borders.  The  simulated  bulk  autoignition  test  (SEAT) 
involves  the  slow  warming  of  a  sample  until  self-heating  is  observed. 
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TABLE  3 

Initiation  Testing  of  CYH/DDP  Chips 


Date  1 

Test 

2/7/91 

5/3/93 

Propellant 

CYH 

CYH 

DDP 

TC  Impact  (in.) 

25.55 

16.4 

TC  Friction  (Ib) 

60.8 

62.3 

— 

ABL  Impact  (cm) 

1  3.5 

6.9 

11.0 

ABL  Friction  (lb  fps) 

1300,8 

5006 

100(5)8 

TC  ESD  (J) 

>8 

2.88 

>8 

SEAT  (°F) 

— 

248 

245  1 

TABLE  4 

Initiation  Testing  of  Meshed  and  Hydrolyzed  CYH 


Test 

Date  1 

5/3/93 

41/93 

5/3/93 

1 

Mesh 

10 

40 

40 

TC  Impact  (in.) 

— 

— 

— 

>46 

TC  Friction  (lb) 

63 

— 

62.6 

>64 

ABL  Impact  (cm) 

6.9 

1.0 

1  . 

— 

ABL  Friction  (lb  (al  fps) 

100(5)6 

25(08 

1  25(5)8 

— 

TC  ESD  (J) 

3.25 

4.27 

!  6.42 

>8 

SEAT  (°F) 

248 

248 

1  262 

330 

Effect  of  Particle  Size 

Most  sensitivities  increase  for  small  particles.  Testing  was  performed  on  0.033 -in.- thick  slices 
(Bureau  of  Mines  Tests)  and  20 -mesh  (approximately  0.040  in  maximum  particle  size)  cryogenic 
washout  particles .  Previous  work  had  determined  that  the  slices  have  sensitivities  similar  to  bulk 
material.  The  following  conclusions  can  be  drawn  from  these  tests: 

•  DDP  sensitivities  to  impact  are  increased  by  a  factor  of  1.4  to  4.4  for  20-mesh  particles 
relative  to  slices. 

•  CYH  sensitivities  to  impact  are  increased  by  a  factor  of  1.8  to  5.2  for  20 -mesh  particles 
relative  to  slices. 

•  DDP  sensitivities  to  friction  are  increased  by  a  factor  of  1.5  to  2.4  for  20- mesh  particles 
relative  to  slices. 

•  CYH  sensitivities  to  friction  are  increased  by  a  factor  of  1.7  to  3.6  for  20- mesh  particles 
relative  to  slices. 

•  ESD  sensitivities  are  inconsistent  as  a  function  of  particle  size. 

•  Wiley  milled  particles  (which  are  cryogenically  prepared)  have  the  same  characteristics 
as  cryogenic  washout  propellant  particles. 

•  Hand  ground  particles  prepared  at  room  temperature  have  unchanged  sensitivities, 
relative  to  unground  material. 
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Effect  of  Temperature 

The  following  points  are  apparent: 

•  Sample  sizes  0.033- in.- thick  have  little  change  in  sensitivity  as  a  function  of  temperature. 

•  Hand -ground  propellant  particles  prepared  at  room  temperature  have  little  change  in 
sensitivity  as  a  function  of  temperature. 

•  Impact,  friction,  and  ESD  sensitivities  for  cryogenic  washout  propellant  particles  are 
decreased  by  a  factor  of  2  to  4  at  'LN2  temperature  (-320°F)  compared  with  ambient 
temperature  particles. 

GL,  YL,  and  RL  Sensitivity  Criteria 

Cryogenic  washout  propellant  particles  have  the  following  sensitivities,  relative  to  RL  and  YL; 

•  Impact  sensitivities  for  CYH  and  DDP  at  room  temperature  are  between  RL  and  YL. 

•  Impact  sensitivities  for  CYH  and  DDP  at  LN2  temperature  are  on  the  safe  side  of  YL. 

•  Friction  sensitivities  for  CYH  and  DDP  vary  between  GL  and  the  safe  side  of  YL. 

•  ESD  sensitivities  for  CYH  and  DDP  vary  between  GL  and  the  safe  side  of  YL. 


OTHER  SAFETY  TESTS 


Electrical  Properties 

Electrical  properties  tests  consisted  of  determining  volume  resistivity,  dielectric  constant,  and 
dielectric  breakdown.  Testing  was  performed  with  both  solid  and  crumb  propellant  at  ambient 
temperature  and  at  -150°F. 

Both  CYH  and  DDP  became  much  less  conductive  at  cryogenic  temperature.  Volume  resistivity 
increased  from  about  10^  ohm-cm  at  ambient  temperature  to  about  10^^  ohm-cm  at  -150°F.  This 
tended  to  slow  charge  dissipation  through  the  propellant  at  cryogenic  temperatures. 

Typical  for  relatively  conductive  propellants  like  CYH  and  DDP,  dielectric  constants  decrease  in 
magnitude  at  lower  temperatures  and  increase  at  lower  applied  frequencies .  Dielectric  constants  are 
lower  for  cryo-removed  crumb  vs.  solid  propellant. 

Dielectric  breakdown  voltages  were  higher  at  cryogenic  temperature  than  at  ambient.  In  addition, 
some  of  the  samples  shattered  into  small  pieces  at  -150°F.  No  ignitions  occurred  during  any  of  the 
dielectric  breakdown  testing  with  CYH  or  DDP  propellant.  Some  other  propellant  types  can  ignite 
and  bum  vigorously  as  a  result  of  dielectric  breakdown  testing. 


Material  Compatibility 

To  date,  38  materials  have  been  tested  for  compatibility  with  CYH/DDP.  One  of  two  test  methods 
were  used.  The  Hercules  Modified  Taliani  test  was  performed  on  materials  that  decompose  to  form 
NOx  gas.  The  Differential  Scanning  Calorimeter  (DSC)  was  used  on  materials  that  do  not  form 
NOx  on  decomposition.  Of  the  38  materials  tested,  30  are  considered  compatible. 
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Propellant  Combustion 

Two  types  of  tests  were  performed  to  determine  propellant  combustion  characteristics:  unconfmed 
bum  and  Russian  deflagration-to-detonation  transition  (DDT)J 

The  unconfmed  bum  test  was  performed  on  both  solid  2-in.  X  2-in.  X  1.5  in.  CYH  and  DDP 
propellant  samples  and  cryo-removed  fines.  None  of  the  unconfmed  burning  tests  detonated.  For 
the  solid  samples,  DDP  burned  faster  (23  sec)  than  CYH  (38  sec),  and  more  sparks  were  seen  with 
the  DDP .  Propellant  fines  were  placed  in  paper  ice  cream  buckets  to  simulate  burning  ground 
conditions  for  disposal  of  dry  propellant.  The  burning  was  vigorous  and  intense,  but  the 
confinement  provided  by  the  bucket  was  insufficient  for  transition  to  detonation. 

Compared  to  conventional  DDT  tests,  the  Russian  version  uses  relatively  small  sample  sizes,  but 
gives  comparable  results.  Both  CYH  and  DDP  fines  detonated  after  ~10  in.  of  confined  run-up. 
The  results  were  unaffected  by  propellant  temperature  (ambient  and  -300°F).  The  results  of  these 
tests  indicate  that  cryo  genic  washout  particle  fines  require  much  more  containment  to  detonate  than 
32  |i  RDX  and  5  p  HMX,  which  are  handled  routinely  by  TC  and  Hercules.  Solid  propellant 
samples  and  water-wet  fines  (75%  propellant,  25%  water)  did  not  detonate. 


Dust  Explosibility 

Propellant  fines  removed  by  the  LN2  jet  at  Pit  38  were  characterized  for  dust  explosibility  in  the 
Hartmann  test  apparatus.  The  20-mesh  samples  of  CYH  and  DDP  propellant  fines  did  1^  react  in 
either  the  minimum  concentration  or  the  minimum  energy  testing  in  the  Hartmann  test.  When  the 
samples  were  screened  to  42-mesh  (i.e.,  particles  <  0.014-in.),  CYH  propellant  reacted  in  the 
minimum  concentration  test  at  800  mg  and  DDP  reacted  at  600  mg. 


Shock  Sensitivity 

Card  gap  tests  determine  material  sensitivity  to  shock  pressure.  In  all  cases,  CYH  and  DDP  fines 
required  less  shock  for  detonation  than  solid  propellant.  In  all  cases,  CYH  and  DDP  fines  required 
more  shock  for  detonation  at  -300®F  than  at  72°F,  i.e.,  they  were  sensitive  at  cryogenic 
temperatures.  In  addition,  in  the  most  sensitive  case,  both  CYH  and  DDP  fines  at  72°F  were  nearly 
identical  to  dry  HMX  (16.1  kilobars  vs.  16.4  kilobars),  which  is  handled  routinely  by  TC  and 
Hercules. 


Photomicroscopy 

Photomicroscopy  determines  by  visual  examination  the  physical  properties  of  the  removed 
propellant  crumb  to  understand  any  mechanical  phenomena  or  evidence  of  initiation.  The  following 


^  Russian  DDT  is  a  trademark  of  Thiokol  Corporation. 
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conclusions  are  based  on  representative  photomicrographs  of  the  screened  20-mesh  and  virgin 
propellant  samples. 

•  Small,  white-colored  patches  on  the  cryo-removed  samples  and  the  Wiley-milled  samples 
are  believed  to  be  ammonium  perchlorate  (AP)  leached  from  the  matrix  by  water  that 
came  from  thawing  the  sample  after  exposiore  to  ambient  air  at  cryogenic  temperatures . 
This  should  not  occur  in  the  prototype  unless  the  washout  box  or  THC  is  opened  before 
reaching  room  temperature. 

•  There  appears  to  be  an  insignificant  difference  between  cryo-removed  propellants  and 
propellant  mechanically  ground  inside  the  Wiley  mill.  This  can  be  useful  for  future  work 
with  propellant  fines,  because  additional  samples  can  be  prepared  without  using  the  LN2 
jet  for  size  reduction.  This  conclusion  is  also  supported  by  the  sensitivity  data. 

•  There  are  no  signs  of  initiation  or  combustion  in  any  of  the  samples .  Dark  spots  are 
believed  to  be  remnants  of  either  insulator  rubber  or  adhesive. 

•  There  are  no  signs  of  migration,  separation,  or  crystallization  of  nitroglycerin  (NG)  or  of 
any  other  volatile  materials .  This  conclusion  is  also  supported  by  many  years  of  freezing 
propellants  with  dry  ice  or  LN2  before  machining  operations  or  storage. 

•  There  are  loose  crystals  of  ammonium  perchlorate  (AP)  and  HMX  as  a  result  of  the  large 
surface  area  generated  during  removal .  This  should  be  anticipated  in  the  prototype 
operation. 


CONCLUSIONS  FROM  SAFETY  TESTING 

The  results  show  no  change  or  a  decrease  in  sensitivity  for  low  temperatures  and  generally  increased 
sensitivity  for  cryogenic  washout  particles,  compared  with  propellant  slices.  In  addition,  testing  has 
been  performed  to  determine  how  the  propellants  will  react  if  initiated.  These  data  indicate  that  the 
size -reduced  propellants  can  detonate  if  initiated  in  the  cryogenic  washout  process;  however,  size- 
reduced  ambient  temperature  propellant  requires  more  confinement  to  detonate  than  the  ambient 
temperature  HMX  and  RDX  powders  that  TC  and  Hercules  handle  routinely. 


DESIGN  SUPPORT  TESTS  AT  PIT  38 

Additional  design  support  tests  were  performed  at  the  Alliant  TechSystems  Pit  38  test  site  in  Magna, 
Utah  (see  Figure  4).  These  tests  were  performed  with  an  improved  LN2  high-pressure  system, 
improved  nozzle  design  and  a  wider  range  of  performance  parameters.  The  resultant  performance 
parameters  are  summarized  in  Figures  5,  6,  and  7.  The  maximum  rate  of  propellant  removal  was 
about  0.1  Kg/s  (765  Ib/hr). 
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Figure  4.  Bench-scale  cryogenic  washout  site  at  Pit  38,  Hercules,  Inc.,  Magna,  Utah 
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Figure  5.  Effect  of  pitch  and  nozzle  size  on  cryogenic  washout  of  propellant 
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Figure  6.  Effect  of  standoff  and  pressure  Figure  7.  Effect  of  flow  and  pitch  on 
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There  was  no  indication  of  initiation  or  combustion  of  propellant  during  the  design  support  tests  at 
Pit  38.  Evidence  of  minor  electrostatic  charging  was  detected  by  remote  electrometer  sensing  of 
streaming  current.  Electrostatic  potentials  of  up  to  16,000  volts  were  measured  on  the  outside 
surfaces  of  the  washout  enclosure.  Unlike  the  test  rig,  which  had  transparent  sides,  the  outside 
surfaces  on  the  solid  rocket  motor  disposal  prototype  system  will  be  aluminum  and  it  is  not  expected 
that  charging  voltages  will  be  as  high. 

The  hazards  testing  at  Pit  38  was  designed  to  exceed  the  expected  exposure  time  of  the  propellant  to 
the  jet  stream.  Dwell  tests  were  performed  using  a  0.044-in. -diameter  jet  orifice  to  simulate 
abnormal  process  conditions  where  the  jet  was  allowed  to  remain  in  one  location  for  up  to  15 
minutes.  Because  of  physical  limitations,  the  maximum  pressure  from  the  HP  pump  was  -17,000 
psig.  These  conditions  did  not  result  in  propellant  ignition.  The  surfaces  of  the  removed  propellant 
were  inspected  using  a  microscope  and  there  were  no  signs  of  microscopic  initiation. 


PROTOTYPE  PRS  TESTING 

There  are  other  factors  that  may  or  may  not  bear  on  the  safety  of  the  PRS  process,  including: 
(1)  effect  of  propellant  exposure  to  moist  air;  (2)  composition  of  propellant  talc;  (3)  high  pressure 
LN2  initiation  of  propellant;  (4)  friction  initiation  of  entrapped  propellant  particles;  (5)  BSD 
initiation  of  cryowashed  propellant;  (6)  bulk  propellant  fracture  from  cryogenic  exposures;  (7)  lance 
impingement  with  propellant;  (8)  motor  case  cryojet  blow-through;  and  (9)  propellant  initiation  from 
drop  into  THC. 

A  series  of  process-simulation  and  subscale  tests  were  planned  to  answer  these  questions  and  to 
permit  washout  of  a  full  motor.  These  tests  included  (1)  supplemental  DDT  and  mini  card  gap  tests 
on  propellant  fines  and  (2)  25 mm  gun  impact  tests,  LN2  jet  impact  tests,  variable  cold  temperature 
(i.e.,  “glass-transition”)  drop  tests,  and  subscale  tests.  The  subscale  tests  consisted  of  75g,  lOOOg, 
and  50  lb  tests  in  the  prototype  facility  under  the  maximum  LN2  jet  pressures  achievable.  The 
results  of  the  process-  simulation  and  subscale  tests  revealed  no  new  hazards.  During  subsequent 
testing  on  a  full-scale  motor,  an  initiation  event  occurred  involving  approximately  8-9  grams  of 
propellant.  Detailed  investigations  failed  to  determine  the  exact  cause  of  initiation,  so  additional 
process-simulation  and  subscale  tests  were  conducted.  The  initial  efforts  focused  on  determining  if 
ESD  was  the  principal  cause  of  the  8-~9  gram  initiation  event.  After  considerable  testing  and  study, 
it  was  concluded  that  ESD  was  probably  ^  the  cause  of  the  initiation.  The  focus  then  shifted  to 
“impact”  as  being  the  likely  cause  of  the  event. 

Subsequent  subscale  tests  performed  under  actual  LN2  jet  washout  conditions  revealed  that  very 
small  nonpropagating  initiations  were  occurring  at  the  test  chamber  walls.  These  were  detected 
using  very  sensitive  light  measurement  instrumentation.  It  was  believed  these  initiations  were 
caused  by  high-speed  propellant  particles  impacting  the  chamber  walls.  A  decision  was  made  to 
reduce  the  LN2  jet  pressures  and  repeat  the  subscale  tests  under  closely  monitored  conditions.  Upon 
conclusion  of  the  subscale  tests  at  the  lower  LN2  jet  pressures,  a  decision  will  be  made  regarding 
washout  of  a  full  Minuteman  II  Stage  3  motor.  Those  tests  are  currently  underway;  and  the  initial 
results  are  looking  favorable. 
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ABSTRACT:  Decomposition,  i^ition,  and  combustion  reactions  can  result  in  hazards  such  as 
explosions,  deflagration-to-detonation  transition  (DDT),  cookoff  and  delayed  detonation  (XDT).  These 
hazards  have  caused  the  loss  of  many  lives  and  destroyed  many  millions  of  dollars  worth  of  ships  and 
aircraft.  This  paper  discusses  some  of  the  accidents,  and  the  decomposition,  ignition,  combustion, 
DDT,  XDT,  and  cookoff  research  being  performed  to  address  these  hazards. 


INTRODUCTION 

When  I  was  invited  to  present  this  plen^  address,  a  complete  overview  of  the  hazards  associated  with 
solid  propellant  combustion,  coupled  with  an  extensive  bibliography  seemed  appropriate.  That  is  until 
the  reality  of  page  limitations  was  considered.  For  example,  the  extensive  bibliography  took  up  over 
30  pages,  even  using  abbreviated  format  for  the  citations.  Similarly,  a  complete  description  of  all  of 
the  research  in  all  of  the  technical  areas  would  greatly  exceed  the  page  limitations.  For  example, 
Reference  1  alone  has  almost  200  pages. 

Thus,  this  paper  is  highly  condensed,  and  refers  to  other  longer,  more  comprehensive  documents. It 
presents  research,  much  of  it  conducted  within  the  Engineering  Sciences  Branch  at  China  Lake,  to 
illustrate  points  being  made-it  is  not  a  survey  of  all  similar  work. 

This  paper  concentrates  on  hazards  of  solid  propellant  combustion.  While  the  emphasis  is  on  solid 
propellants  some  discussion  of  explosives  is  also  included.  In  the  past  there  was  a  clearer  distinction 
between  propellants  and  explosives,  but  today  high  performance  minimum  smoke  propellant  looks 
much  like  a  plastic  bonded  explosive,  and  some  underwater  explosives  look  much  like  aluminized 
ammonium  perchlorate  based  propellants.  And  we  all  know  that  propellants  can  detonate/explode. 

The  emphasis  is  on  combustion  and  associated  hazards,  and  therefore  “normal”  combustion 
phenomena  are  not  discussed.  While  shock-to-detonation  transition  of  propellants  is  also  an  important 
consideration,  it  is  not  discussed  here  either. 

In  many  fields  of  science  and  technology  we  make  use  of  the  logic:  sample  +  stimulus  +  environment  - 
— >  response.  We  try  to  control  the  sample,  stimuli,  and  environment;  change  one  variable  at  a  time; 
and  determine  the  response.  Unfortunately,  in  hazards  work,  we  often  get  an  undesired  response- 
fire,  explosion,  detonation-and  must  infer  the  conditions  of  sample,  stimuli,  and  environment  that 
produced  that  response.  It  is  not  easy,  and  often  impossible,  to  discern  the  causative  factor(s), 
especially  if  a  detonation  or  explosion  destroyed  much  of  the  evidence.  The  problem  is  made  worse  if 
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there  was  significant  loss  of  life  and  equipment  resulting  in  litigation,  and  secrecy.  If  the  above  was 
not  bad  enough,  it  is  compounded  by  hazards  being  probabilistic,  occurring  once  in  hundred  (severe 
risk),  once  in  a  million  (often  felt  to  be  acceptable  risk,  depending  on  severity  of  accident.)  Because 
all  up  weapons  are  expensive,  there  is  a  tendency  to  test  as  few  of  them  as  possible.  This  may  give  a 
false  sense  of  security  because  of  the  probabilistic  nature  of  the  hazard  response.  As  discussed  in  Ref 
1,  in  order  to  exceed  the  50%  probability  of  seeing  an  explosion  in  two  tests,  the  probability  of 
explosion  in  one  test  must  be  3  in  10. 

Members  of  the  energetic  materials  community,  whether  working  on  propellants  and/or  explosives, 
ftave  always  been  keenly  aware  of  the  hazards  in  working  with  these  materials.  There  has  been 
increased  emphasis  in  the  last  decade  due  to  Insensitive  Munition  programs  in  various  countries.  In 
the  US,  the  Navy’s  Insensitive  Munitions  Advanced  Development  program  has  made  significant 
progress  in  decreasing  the  violence  associated  with  hazard  response  (fi-om  detonation,  explosion,  or 
severe  deflagration  to  burning  reaction),  and  provided  the  ship’s  crew  additional  time  to  try  to  contain 
and  mitigate  the  hazard  response.  The  program  has  led  the  way  to  standardized  consideration  of  the 
IM  issues.  MIL-STD  2 105  A  defined  the  hazard  areas  of  bullet  impact,  fragment  impact,  fast  cookoff, 
slow  cookoff,  and  sympathetic  reaction;  presented  standardized  tests  and  methods,  and  described 
pass/fail  criteria.  The  follow-on  MIL-STD-2105B  unproved  the  methods  by  increasing  emphasis  on 
Threat  Hazard  Analyses  (THA),  and  allowing  the  THAs  to  define  more  realistic  hazard  test  conditions, 
rather  than  just  relying  on  the  generic  tests  called  out  in  2 105  A. 

In  addition  to  the  efforts  of  the  Insensitive  Munitions  programs,  other,  complementary  efforts  were 
being  conducted.  One  of  these  efforts  was  the  development  of  Hazard  Assessment  Protocols.^ 

The  authors  of  Ref  1  thought  that  a  program  leading  to  mechanistic  understanding  of  reactions  and  the 
ability  to  predict  hazard  response  was  required.  It  was  felt  that  the  traditional,  standard  go/no-go  tests 
did  not  provide  this  understanding  nor  the  predictive  capability.  A  hazard  assessment  method  that 
considered  classes  of  output  (detonation,  explosion,  burning,  and  no  reaction)  in  temis  of  input 
stimulus  and  target  (includes  sample  and  environment)  was  developed  after  many  discussions.  Key  to 
this  effort  was  the  hazard  assessment  protocol.  At  that  time,  in  a  separate  effort  within  The  Technical 
Cooperation  Panel  (TTCP),  hazard  assessment  protocols  were  being  developed. 

A  hazard  assessment  protocol  is  a  logic  process  presented  in  flow  chart  form  that  enables  the  user  to 
assess  the  likely  hazard  responses  of  his  sample  (or  mtmition)  subjected  to  various  levels  of  stimuli  in 
a  given  environment.  Because  the  protocol  is  in  flow  chart  form,  it  directs  the  user  into  the  logic  paths 
most  likely  to  be  encountered  for  that  combination  of  sample,  stimuli  and  environment.  Other 
combinations  of  sample,  stimuli  and  environment  may  require  using  other  logic  paths.  The  protocol 
also  indicates  what  information  must  be  obtained  to  perform  the  assessment  of  probable  outcome 
(detonation,  explosion,  bum  or  no  reaction)  for  any  given  path.  Because  the  hazard  assessment  is 
based  on  logic  and  directly  associated  with  the  sample,  in  a  real  environment,  and  subject  to  real 
threats,  it  has  more  value  that  the  results  of  a  few  go/no-go  tests  using  standard  stimuli  (such  as  one 
fragment  size  and  velocity).  The  hazard  assessment  approach,  more  extensively  discussed  in  Refs.  1 
and  4,  and  the  individual  protocols  for  different  hazard  types  are  currently  available  from  the  NATO 
Insensitive  Munitions  Information  Center. 

As  described  in  Ref  4,  information  from  the  hazard  assessment  protocols  can  be  used  to  determine 
hazard  response  plots  showing  what  conditions  (such  as  fragment  mass  and  velocity)  may  cause 
detonation,  burning  or  no  reaction  for  a  given  sample.  Reference  4  also  shows  how  threat  maps  may 
be  over  laid  on  the  hazard  response  plots  to  determine  vulnerability  of  a  sample  or  munition  to  threats. 
In  this  regard,  the  hazard  assessment  protocols  are  very  much  like  the  Threat  Hazard  Assessments. 

While  progress  has  been  significant,  much  remains  to  be  done.  The  specifics  are  discussed  in  the 
following  sections.  One  general  area  of  concern  that  still  remains  is  fire,  especially  fire  on  board 
ships.  While  the  Insensitive  Munitions  programs  have  reduced  severity  of  reaction  (in  some  cases 
from  detonation  and  violent  explosions  down  to  burning),  and  provided  valuable  increased  time  for  the 
ship  crew  to  mitigate  reactions,  fire,  while  passing  the  IM  requirements,  remains  a  major  concern. 
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Historically  many  ships  have  been  lost  to  fire,  often  after  surviving  the  blast  and  fragments  from  the 
warhead. 

The  experience  of  the  United  Kingdom  in  the  Falklands  conflict  is  an  example.  The  British  lost  a  total 
of  six  ships  with  several  others  damaged.  The  HMS  SHEFFIELD  was  a  4100  ton  destroyer  that  was 
struck  by  an  Exocet  missile.  The  missile  struck  her  amidships,  penetrated  a  fuel  tank,  and  smashed 
into  the  machinery  spaces.  The  Exocet’ s  360  pound  warhead  apparently  did  not  detonate.  Burning 
residual  fuel  from  the  missile  motor  ignited  fuel  fires,  resulting  in  thick,  acrid  smoke  being  spread 
through  the  ship’s  ventilation  system.  The  ship’s  company  fought  the  fires  for  4  1/2  hours  before  the 
ship  had  to  be  abandoned.  Twenty  men  were  lost  in  the  fire.  The  ship  subsequently  sank  several  days 
later  while  under  tow  in  heavy  seas.  The  merchant  ship  ATLANTIC  CONVEYOR  was  struck  by  one, 
and  possibly  two  Exocet  missiles,  whose  warheads  are  believed  not  to  have  detonated.  She  was 
loaded  with  aluminum  freight  containers,  aircraft  and  combustible  materials,  including  ammunition  and 
fuel.  She  was  quickly  engulfed  in  flames  and  burned  out,  sinking  three  days  later.  Three  Royal  Navy 
and  nine  merchant  marine  personnel  were  killed.  The  HMS  ARDENT  was  hit  by  a  1000  pound  bomb 
and  Snake-eye  bombs  which  caused  a  runaway  ammunition  fire.  Twenty  two  men  were  killed,  30 
injured  and  the  ship  sank.  The  HMS  COVENTRY  was  hit  by  a  1000  pound  bomb  that  induced 
runaway  fires.  Twenty  one  men  were  killed  and  the  ship  sank.  The  HMS  PLYMOUTH  was  hit  by 
multiple  small  bombs  that  induced  severe  fires,  severely  disabling  the  ship.  The  RFA  SIR 
GALAHAD  was  hit  by  multiple  bombs,  inducing  an  ammunition  fire.  Fifty  one  men  were  killed  and 
the  ship  sank.  The  RFA  SIR  TRISTRAM  was  hit  by  multiple  bombs  which  induced  fires  and 
severely  disabled  the  ship.  The  hanger  and  the  helicopter  of  the  6200  ton  HMS  GLAMORGAN 
destroyer  were  destroyed  by  fire  caused  by  unspent  propellant  from  an  Exocet  motor  (All  1 3  casualties 
were  caused  by  the  shrapnel  from  the  detonating  warhead.).  The  HMS  ANTELOPE  was  struck  by  a 
bomb  that  did  not  explode.  It  sank  due  to  fires,  caused  by  the  detonation  of  the  bomb  while  being 
defused,  that  spread  to  the  main  magazines. 

On  17  May  1987,  the  USS  STARK  was  hit  by  two  Exocet  missiles  while  operating  in  the  Persian 
Gulf  The  warhead  of  the  first  missile  did  not  detonate,  but  the  missile  did  penetrate  approximately  80 
feet  into  the  ship,  spreading  approximately  120  pounds  of  burning  propellant.  The  propellant  used  in 
the  Exocet  missiles  bums  at  temperatures  estimated  at  3000-3500°F.  Heat  and  acrid  smoke 
immediately  began  filling  the  surrounding  area  impeding  personnel  from  escaping  the  affected 
compartments.  The  second  missile  penetrated  the  hull  and  detonated  about  5  feet  inside  the  hull, 
ripping  a  large  hole  in  the  hull.  This  large  hole  allowed  air  to  ventilate  from  the  outside,  and  helped  in 
igniting  and  burning  combustibles.  The  initial  blast  and  fragments  mptured  the  port  side  firemain. 
Loss  of  the  firemain  and  the  intense  heat  and  smoke  from  the  burning  propellant  and  burning 
combustibles,  including  PVC  wire  insulation,  severely  impeded  the  fire  fighting  efforts.  The  intense 
heat  also  resulted  in  vertical  fire  spread  by  ignition  of  combustibles  in  compartments  directly  above  the 
main  blaze.  The  initial  blast  and  &es  killed  37  men  and  injured  several  others.  Men  were  trapped  in 
the  berthing  space  directly  below  the  compartment  engulfed  by  fire. 


DECOMPOSITION 

Decomposition,  while  usually  not  a  hazard  in  itself  unless  it  produces  hazardous  or  toxic  by-products, 
is  an  important  first  step  in  the  response  to  thermal  stimuli.  This  is  especially  tme  if  confinement  of 
product  gases  causes  pressure  increase  and  acceleration  in  the  rate  of  decomposition,  and  damage  to 
the  sample  causes  increased  shock  sensitivity  due  to  voids  and  increased  bum  area. 

Much  work  has  been  done  in  the  last  50  years  in  this  area.  There  have  been  several  surveys 
presented.^'^  Since  those  surveys  were  published  much  additional  work  has  been  done  that  elucidates 
detailed  reaction  steps,  reaction  products,  and  reaction  rates.  These  later  studies  have  helped  resolve 
many  of  the  controversies  presented  in  the  earlier  surveys. 

Behrens  and  Bulusu,  separately  and  together,  have  extensively  studied  the  thermal  decomposition  of 
RDX  and  HMX  (also  with  isotope  labeling),  in  the  solid  and  liquid  phases,  under  very  slow  heating 
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rates.  See  for  example  Ref.  8.  Their  results  include  the  decomposition  products;  an  induction  period, 
followed  by  two  acceleratory  periods;  the  Arrhenius  parameters  for  each  of  these  periods, 
decomposition  mechanisms,  and  how  the  data  can  be  used  to  calculate  the  time  and  temf>erature  to 
decompose  an  amount  of  HMX,  and  to  estimate  the  extent  of  decomposition  expected  under  normal 
storage  conditions.  The  studies  suggest  that  the  process  controlling  the  early  stages  of  HMX 
decomposition  is  scission  of  the  N-NO,  bond,  reaction  of  the  NO,  within  a  “lattice  cage”  to  form  the 
mononitroso  analog  of  HMX,  followed' by  decomposition  of  the  ihononitroso  HMX  within  the  HMX 
lattice  to  form  gaseous  products  that  are  retained  in  bubbles  or  diffuse  into  the  surrounding  lattice. 
Behrens  has  also  studied  the  effects  of  confinement  of  decomposition  products  by  changing  the  orifice 
size  in  his  cell  from  100  microns  to  5  microns.  The  results  for  N,0  are  shown  in  Figure  1.  The 
increase  in  concentration  and  the  decrease  in  time  is  marked. 

Erickson  also  worked  with  Behrens  and  Bulusu  in  developing  rate  expressions  for  the  decomposition 
of  RDX.  In  Ref  9,  they  compared  their  results  to  those  obtained  by  Trott,  Renlund  and  Erickson 
using  infrared  analysis  of  confined  thin  films  subjected  to  a  variety  of  heating  conditions.  In  these 
latter  studies  additional  condensed  phase  reaction  products  were  found,  and  the  authors  attributed  the 
additional  products  to  the  differences  in  sample  confinement.  In  the  latter  studies  the  decomposition 
products  were  in  intimate  contact  with  the  decomposing  solid. 
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Figure  1.  The  ion  signal  Measured  with  a  Mass  Spectrometer 
that  Originates  from  the  N2O  Evolving  from  HMX  at  an 
Isothermal  Temperature  of  235®C.  Results  are  shown  from 
experiments  using  a  5  pm  and  100  pm  reaction  cell  orifice.  The 
higher  rate  of  gas  formation  and  the  shorter  duration  for 
decomposition  in  the  experiment  with  the  5  pm  orifice  show  the 
effect  of  containing  the  decomposition  products  on  the  reaction 
rate.  The  isothermal  temperature  was  attained  at  2500  seconds, 
average  particle  diameter  is  150  pm.^ 
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Brill  and  co-workers  have  studied  the  decomposition  of  many  energetic  materials  using  a  rapid, 
isothermal  pyrolysis  technique  coupled  with  an  FT-IR  spectrometer  (called  T-Jump/FT-IR 
spectroscopy).  For  the  gas  product  data  strongly  indicate  two  parallel  decomposition 

reactions: 

HMX — >intermediate  states— ->4(N02  +  HCN  +  H)  or  4(HONO  +  HCN)  at  high  temperatures, 
and 

HMX — >  intermediate  states — >4(N20  +  CH2O)  at  low  temperature. 

Litzinger  et  al.  have  investigated  laser-induced  decomposition  of  RDX.’‘  Species  detected  above  the 
bubbling  surface  of  the  RDX  include  N2,  CO,  H.,0,  NO„  H2,  perhaps  CH,0,  but  only  small  amounts 
ofHCNandNO. 

The  effects  of  confinement  of  decomposition  products  is  dramatically  shown  by  Lee  of  China  Lake, 
for  both  AP  and  propellants  based  on  AP.  As  an  example,  Figure  2  shows  the  difference  in  behavior 
for  AP  decomposition  with  no  confinement,  with  some  confinement,  and  in  a  hermetically  sealed 
container.  All  of  the  samples  show  the  240 °C  orthorhombic  to  cubic  phase  change  endotherm,  and  the 
first  exotherm.  The  uncovered  sample  does  not  show  the  second  exotherm,  while  both  confined 
samples  show  the  second  exotherm  with  the  increased  confinement  of  the  hermetically  sealed  sample 
causing  the  second  exotherm  to  occur  at  significantly  lower  temperature. 

All  of  the  above  studies,  and  there  are  many  others,  show  the  effects  of  confining  the  decomposition 
products.  These  results  apply  to  later  discussions  of  ignition,  combustion,  cookoff  and  deflagration- 
to-detonation  transition. 


Temperature  (°C) 

Figure  2.  Decomposition  of  ammonium  perchlorate  in  various  containers. 
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In  extrapolating  decomposition  results  to  ignition  and  combustion,  care  must  be  taken.  Often  the 
conditions  are  very  much  different  between  the  regimes,  and  the  results  may  not  extrapolate.  For 
example.  Ref  7b  presents  many  examples  where  the  results  of  bum  rate  additives  affects  the 
decomposition  in  one  way,  e.g.,  increasing  or  decreasing  the  decomposition  rate,  while  the  effect  on 
combustion  is  just  the  opposite. 

Future  work  needs  to  focus  on  the  decomposition  of  propellants,  not  just  ingredients.  This  is  a 
challenge,  especially  for  those  propellants  incorporating  significant  amounts  of  ammonium  perchlorate 
(AP).  Much  of  the  instrumentation  and  test  equipment  is  sophisticated  and  expensive,  and  research 
personnel  do  not  like  to  expose  their  equipment  to  the  corrosive  products  from  AP  decomposition,  or 
the  decomposition  of  propellants  containing  AP.  Research  on  decomposition  of  propellants  needs  to 
be  extended  to  higher  pressure  and  confinement  of  decomposition  products. 


IGNITION 

Ignition  is  the  beginning  of  every  combustion  process.  Hence  it  must  be  handled  effectively  when  a 
controlled  combustion  process  is  to  be  inftiated,  and  it  must  be  prevented  reliably  if  accidental  fires  and 
explosions,  such  as  the  inadvertent  igmtion  of  catocene  propellants  that  caused  fatalities,  are  to  be 
avoided.  This  process  is  also  important  in  laboratory  investigations  to  look  into  the  ignition  process 
itself,  to  classify  the  sensitivity  of  propellants  with  respect  to  planned  or  accidental  ignition  stimuli,  to 
classify  additives,  or  to  assess  the  influence  of  external  parameters. 

Solid  propellant  i^tion  is  both  a  process  and  the  successful  completion  of  that  process.  As  a 
propellant  sample  is  externally  heated,  there  is  an  increase  in  the  surface  temperature  and  a  build  up  of 
a  thermal  profile  within  the  sample.  When  gasification  of  the  sample  begins,  the  gaseous  products 
begin  to  react  exothermically.  This  heat  release  increases  the  gas  temperature,  and  thus,  the  reaction 
rates.  With  additional  heating  and  accumulation  of  gas  phase  species  the  flame  will  "snap  back"  toward 
the  propellant  surface.  At  this  point,  the  flame  provides  sufficient  energy  for  propellant  p3nrolysis,  the 
external  heat  source  is  no  longer  necessary,  and  ignition  is  complete.  These  processes  are  graphically 
illustrated  in  the  general  log  flux-log  time,  ignition  plot  shown  in  Figure  3. 


Figure  3.  General  log  energy  flux  versus  log  time  plot  of  ignition  process. 


For  a  given  energy  level  (the  dotted  line  in  Figure  3)  a  series  of  events  are  shown  at  various  times 
when  the  sample  is  subject  to  the  flux.  For  some  initial  time,  nothing  appears  to  be  happening.  If  the 
energy  flux  is  terminated  during  this  time  and  the  sample  examined,  no  significant  decomposition  of 
the  exposed  surface  is  seen.  Figure  4a  shows  a  sample  of  a  high  energ>'  propellant  containing 
nitramine  which  was  subjected  to  200  cal/cm’sec  for  a  time  just  prior  to  first  gasification  (evidenced  by 
"first  light"  detected  by  a  photodiode).  No  significant  reaction  occurred  but  a  thermal  profile  was 
being  established  within  the  solid.  It  is  not  until  the  “first  gasification”  time  is  achieved  that  the  sample 
starts  to  significantly  decompose.  The  flux  established  and  deepened  the  thermal  profile  in  the  solid 
until  a  surface  temperature  was  reached  that  caused  significant  ablation/decomposition  at  the  surface. 
For  exposures  slightly  longer  than  the  time  necessary  for  this  initial  gasification,  the  sample  continued 
to  gasify  but  did  not  ignite  in  the  classic  sense  of  ignition.  That  is,  if  the  external  energy  flux  was 
removed,  the  sample  would  cease  gasifying,  the  temperature  profile  in  the  solid  will  collapse,  and  the 
sample  would  cease  regressing.  Figure  4b  is  a  sample  subjected  to  200  cal/cm“sec  at  a  time  just  after 
first  gasification  (as  evidenced  by  "first  light")  and  shows  some  decomposition  of  the  surface,  while 
Figure  4c  shows  another  sample  at  200  cal/cm“sec  and  a  time  just  less  than  that  required  for 
“go/no-go”  ignition.  This  sample  shows  significant  decomposition.  Ignition  was  not  achieved  until 
the  conditions  of  flux-time  associated  with  the  line  indicated  as  “go/no-go  ignition”  on  Figure  3  were 
achieved.  At  this  time,  and  for  longer  exposure  times,  the  sample  was  ignited  in  the  sense  that  if  the 
external  energy  flux  was  removed,  the  sample  would  continue  to  bum  by  itself  without  the  external 
stimulus,  There  is  another  region  of  "overdriven"  combustion— higher  fluxes  and  steeper  thermal 
profiles,  where  sudden  removal  of  the  flux  will  also  cause  the  sample  to  extinguish.^ 

Figure  3  is  a  generalized  depiction  of  the  ignition  process.  It  defines  three  regions  separated  by  two 
lines: 


Inert  heating  region 
First  gasification  line 
Pre-ignition  region 
Go/no-go  ignition  curve 
Self-sustained  combustion  region 

The  location  of  these  lines  and  their  relationship  to  the  described  regions  is  dependent  on  many 
variables.  Propellant  formulations,  external  energy  level,  and  test  pressure  all  affect  the  time 
relationship  between  the  establishment  of  the  thermal  profile  and  self-sustained  combustion. 


(a)  Prior  to  First  Light/  (b)  Just  After  First  Light/  (c)  At  a  Time  Preceding  Go/No-Go 

Gasification.  Gasification.  or  Complete  Ignition. 


Figure  4.  Nitramine  based  propellant  exposed  to  radiant  energy  flux. 
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Exposing  a  solid  propellant  to  high  ener^  levels  may  not  be  sufficient  to  initiate  combustion.  The 
pre-ignitmn  region  is  important  in  that  it  is  in  this  region  that  the  solid  has  gasified  into  reactive 
intermediate  species  (pyrolysis  products),  but  these  intermediate  species  have  not  reacted  to  final 
products;  thus  self-sustained  combustion  has  not  been  attained.  Unfortunately,  many  investigators 
view  propellant  ignitiori  as  simply  a  switch  based  on  a  critical  surface  temperature  of  the  solid,  ^en 
this  “ignition  criteria’’  is  satisfied,  these  people  assume  an  instantaneous  change  is  made  from  a 
nonreacting  inert  solid  to  burning  at  steady-state  with  fully  reacted  gases  at  the  equilibrium  flame 
temperature.  While  this  criteria  may  be  useful,  in  some  cases  of  ammonium  perchlorate -rubber 
propellants  where  the  samples  ignite  almost  immedately  after  first  gasification,  it  does  not  match 
reality  for  all  solid  propellants  and  test  conditions.'^  Concepts  such  as  rninimum  ignition  energy  or 
ignition  temperatures  have  been  introduced.  In  some  limited  instances,  they  have  certain  merit  in  spite 
of  the  fact  that  their  meaning  is  equivocal  and  important  boundary  conditions  are  usually  ignored  when 
applying  the  data  in  other  situations.  In  general,  AP-based  propellants  tested  at  low  flux  levels  and 
high  ambient  pressures  show  little  or  no  detectable  difference  between  go/no-go  and  first  light/first 
gasification.  Nitranme  based  propellants  under  similar  conditions,  display  significant  pre-ignition 
behavior.'^  Pre-ignition  behavior  can  be  demonstrated  in  the  AP-based  propellants  by  increasing  the 
flux  level  and  decreasing  the  test  pressure.''^ 

The  effects  of  flux  and  of  pressure  are  shown  in  Figure  5  for  a  predominantly  AP-HTPB  binder 
propellant.  The  effect  of  flux  is  clearly  seen  for  the  first  gasification  line  and  the  various  go/no-go 
lines.  The  effect  of  pressure  is  also  clearly  shown.  Since  the  first  gasification  is  essentially  the 
ablation  of  the  solid  and  primarily  dependent  on  surface  temperature,  pressure  should  have  little  or  no 
effect  on  this  line.  However,  the  rate  of  conversion  of  pyrolysis  products  to  final  reaction  products  is 
very  pressure  depen<dent  and  the  go/no-go  ignition  locus  reflects  that  pressure  dependence.  The  region 
of  pre-ignition  reactions  discussed  earlier  (the  difference  between  first  gasification  and  go/no-go  lines) 
is  clearly  evident  for  the  50  psia  case,  as  is  the  diminishment  of  the  pre-ignition  region  with  pressure 
increase  to  1 00  and  200  psia. 


FLUX,  CAL/CM2sEC 


Figure  5.  Effect  of  flux  and  pressure  on  ignition  of  ammonium  perchlorate-HTPB  propellant. 
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FLUX,  CALVCM^SEC 


Figure  6.  Effect  of  flux  and  pressure  on  ignition  of  cast  modified  double  base  propellant. 


Similar  behavior,  but  with  even  more  pronounced  preignition  behavior,  is  shown  in  the  ignition  map 
for  a  cast  modified  double  base  propellant.  Figure  6.  Propellants  incorporating  high  nitramine  loading 
also  display  this  pronounced  preignition  behavior. 

The  implications  of  the  pre-ignition  region  on  deflagration  to  detonation  fransition  and  other  transient 
combustion  related  hazards  has  been  discussed  in  Refs.  6,  8,  and  9,  and  is  shown  in  the  later  section 
on  deflagration-to-detonation  transition. 

This  is  a  general  overview  of  ignition  due  to  thermal  flux  delivered  to  the  surface  (the  examples  given 
were  for  radiant  flux). 


Ignition  Due  to  Electrostatic  Discharge 

As  shown  in  Ref  1  direct  thermal  ignition  is  not  the  only  hazard  concern.  Ignition  caused  by  inapact, 
friction  and/or  electrostatic  discharge  (ESD)  are  also  of  concern.  Ignition  due  to  impact  and  friction 
will  not  be  covered  in  this  paper.  However  inadvertent  ignition  associated  with  ESD  is  discussed 
below. 

On  1 1  January  1985,  in  Heilbron,  Germany,  a  Pershing  II  missile  having  an  AP/hydroxyl-terminated 
polybutadiene  (HTPB)/aluminum  propellant  loaded  in  a  Kevlar  case,  i^ted  and  killed  three  people. 
A  probable  cause  was  electric  charge  build-up  caused  by  separation  of  dissimilar  dielectric  materials  in 
a  cold,  dry  environment.  Another  incident,  involving  the  pulling  of  the  mandrel  from  a  large  cast 
HTPB  propellant  motor,  also  resulted  in  fatalities.  This  was  also  attributed  to  ESD.  Recorded 
electrical  potentials  on  a  mandrel  core  may  exceed  several  thousand  volts  at  the  end  of  the  mandrel 
pulling  operation. 
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Much  work  has  been  done  to  investigate  the  susceptibility  of  propellants  to  ESD,  and  the  works  of 
Kent  and  Rat,  SNPE,  France;  Hammett  of  the  UK;  Dreitzler  of  US  Army  Missile  Command;  Lee  of 
the  Naval  Surface  Warfare  Center,  Raun  of  Hercules  (now  Alliant  Tech);  and  others  should  be 
consulted.  At  China  Lake,  Covino  and  Hudson  performed  work  summarized  in  Ref.  15  and 
discussed  below. 

When  a  missile  motor  is  charged  to  a  potential  where  breakdown  occurs,  or  when  a  change  .in 
grounding  conditions  allow  breakdown  of  the  material,  electrical  discharge  can  occur.  Discharge 
generates  charge  carriers  which  reduce  the  impedance  of  the  energetic  material  and  results  in  rapid 
current  increase.  This  can  lead  to  arcing,  establishment  and  growth  of  further  discharge,  followed  by 
catastrophic  discharge.  The  discharge  releases  energy,  converting  a  small  volume  of  propellant  to  gas. 
If  enough  material  is  converted  and  enough  heat  generated  by  this  decomposition,  then  the  propellant 
may  ignite,  often  with  severe  consequences. 

The  major  determinants  for  ESD  sensitivity  are:  volume  resistivity,  di-electric  constant,  and  di-electric 
strength.  At  China  Lake,  Covino  and  Hudson  measured  these  parameters  for  HTPB  binder,  inert 
HTPB  propellants,  and  live  propellants.  The  volume  resistivities  were  measured  as  a  function  of 
temperature,  voltage,  time  of  voltage  application,  relative  humidity  and  sample  thickness.  Die 
dielectric  constant  for  these  materials  was  measured  as  a  function  of  temperature,  relative  humidity, 
sample  thickness  and  fi*equency.  Neglecting  the  effects  of  breakdown  voltage,  the  higher  the  dielectric 
constant  the  more  energy  can  be  stored  in  the  propellant,  and  hence  increased  susceptibility  to  ESD. 
This  coupled  with  the  low  dissipation  factor  for  HTPB  causes  ESD  problems.  The  dielectric 
breakdown  voltage  is  the  voltage  that  may  be  sustained  across  the  sample  just  prior  to  the  transition 
from  non-conductive  to  conductive.  The  dielectric  strength  is  the  dielectric  breakdown  voltage  divided 
by  the  sample  thickness. 

The  results  of  Covino  and  Hudson’s  work  was  applied  using  the  “percolation”  calculations  advocated 
by  Kent  and  Rat.  The  results  show  that  the  overall  electrical  properties  of  the  propellant  was  most 
influenced  by  the  HTPB  binder,  and  to  a  lesser  extent  by  the  concentration  and  particle  size  of  the 
almninum  powder.  The  contribution  of  the  oxidizer  particles  was  primarily  in  determining  the  spacing 
of  the  aluminum  particles  and  the  thickness  of  binder  layer  between  particles. 

This  work,  along  with  that  of  others  mentioned  above  was  used  to  develop  ESD  hazard  assessment 
protocols  as  part  of  the  Technical  Cooperation  Panel,  and  through  various  Joint  Army  Navy  NASA 
Air  Force  (JANNAF)  activities. 


Other  Ignition  Hazard  Considerations 

In  addition  to  a  basic  understanding  of  ignition,  there  exist  several  rules  of  thumb  that  people 
sometimes  use.  Two  such  "rules"  that  are  sometimes  helpful  are: 

( 1 )  Propellants  based  on  ammonium  perchlorate  often  ignite  as  soon  as  the  stimulus  causes  rapid 
gasification  of  the  propellant.  Remember  AP  propellants  usually  have  less  of  a  pre-ignition  region 
than  do  double-base  or  nitramine  based  propellants. 

(2)  Within  a  family  of  propellants,  the  faster  the  burning  rate  the  easier  it  is  to  ignite  the 
propellant.  Thus  propellants  incorporating  bum  rate  accelerators,  such  as  catocene,  may  be  very  easy 
to  ignite. 

As  with  all  "rules  of  thumb,"  the  above  mles  should  not  be  blindly  used. 

What  are  some  of  the  implications  for  hazards  based  on  the  above  discussion  of  ignition?  Obviously 
propellants  that  do  not  igmte  at  low  pressures  (i.e.,  do  not  sustain)  have  some  advantages  in  several 
hazard  areas.  Several  times  in  the  last  year  I  have  heard  people  refer  to  hazard  class  1.3  propellants  as 
being  inherently  safer  than  hazard  class  1.1  propellants,  with  the  implications  that  this  is  tme  for  all 
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situations.  While  this  is  true  when  we  are  considering  mechanical  shock  stimuli  of  tens  of  kilobar 
magnitude,  it  is  not  always  true  when  other  stimuli  are  considered.  Referring  back  to  the  sample, 
stimuli,  environment  yielding  response  discussion  at  the  beginning  of  this  paper,  and  considering  the 
information  presented  in  the  ignition  and  combustion  sections  of  this  paper,  we  see  that  in  many 
instances  the  1.3  propellants  can  be  more  hazardous  than  1.1  propellants.  We  have  seen  that  AP  based 
propellants  (almost  always  class  1.3),  are  often  easier  to  ignite  in  terms  of  energy  flux  necessary  to 
cause  decomposition,  and  in  producing  go/no-go  ignition  almost  simultaneously  with  decomposition. 
Contrast  that  with  the  nitramine  based  propellants  (often  class  1.1)  that  show  large,  pressure 
dependent  delays  between  decomposition  and  self-sustained  (go/no-go)  combustion.  The  AP  based 
propellants  usually  bum  quite  well  at  one  atmosphere,  while  nitramine  propellants  often  do  not  bum 
well,  if  at  all,  at  one  atmosphere.  (See  the  paper  by  Merrill  in  this  Symposium  for  additional, 
collaborating  data,  and  a  discussion  of  deaths  in  incidents  with  1 .3  propellant.)  As  an  aside,  in  my 
Branch  several  people  involved  with  daily  operations  involving  propellant  have  stated  that  they  would 
rather  work  with  1.1  propellant,  than  1.3. 

As  discussed  earlier,  many  of  the  AP/HTPB/Al  propellants  show  high  ESD  sensitivity,  and  may  result 
in  incidents  and  deaths. 

There  are  other  sample  types  that  may  have  relatively  high  hazards  in  some  situations,  even  though 
they  have  a  hazard  class  1.3.  For  example,  some  AP  based  propellants  containing  catalysts  such  as 
catocene,  or  some  AP  based  propellants  incorporating  fine  aluminum  fuel. 

The  purpose  of  these  remarks  is  not  to  say  that  one  material  is  safer  than  another:  there  are  hazards 
associated  with  all  propellants  and  they  must  be  handled  accordingly.  I  want  to  dispel  the  idea  that, 
just  because  a  propellant  is  classed  as  1.3,  does  not  mean  that  it  is  insensitive  to  all  hazard  stimuli. 
You  cannot  treat  it  as  if  it  were  inert. 

As  will  be  briefly  shown  later,  and  in  more  detail  in  Ref.  1,  propellants  with  significant  preignition 
behavior,  friability,  and  shock  sensitivity  are  extremely  susceptible  to  deflagration  to  detonation 
transition  (DDT)  and  other  forms  of  delayed  detonation. 


LASER  ASSISTED  COMBUSTION 

Laser  assisted  combustion  has  been  used  to  study  the  gas  phase  reactions  of  RDX,  HMX,  and  various 
double  base  and  nitramine  based  propellants.  In  these  tests  CO,  lasers  are  used  to  provide  energy  flux 
of  sufficient  magnitude  (higher  than  that  used  in  laser  induced  decomposition  studies.)  to  allow 
ignition  of  the  sample.  Since  these  tests  are  performed  at  low  pressures  (up  to  one  or  two 
atmospheres),  the  flame  zone  is  stretched  in  distance  and  can  by  studied  using  techniques  such  as  fine 
wire  thermocouples,  triple  quadrupole  mass  spectrometry,  time-of-flight  mass  spectrometry,  planar 
laser  induced  fluorescence,  and  absorption  spectroscopy.  These  techniques,  used  by  Parr,  Hanson- 
Parr,  and  Litzinger  and  co-workers  in  the  US,  and  Korobeinichev  and  Zenin  in  Russia,  provide 
valuable  measurements  of  flame  structure,  temperature  and  species.  The  following  results  are 
illustrative  of  the  type  of  research  being  conducted. 

The  Parrs  working  in  the  Combustion  Diagnostics  Laboratory  at  China  Lake  have  made  extensive 
measurements  of  the  species  and  temperature  profiles  above  solid  propellants  during  laser  ignition, 
laser  supported  deflagration,  and  self  deflagration.'^'*^  Energetic  materials  studied  included  RDX, 
HMX,  CL-20,  TNAZ,  ADN,  HNF,  and  AP.  Advanced  laser  diagnostics,  such  as  Planar  Laser 
Induced  Fluorescence,  were  used  to  make  temporally  and  spatially  resolved  measurements  of  the  flame 
structure.  Many  of  these  materials  have  two  stage  flames  not  unlike  double  base  propellants.  For 
example,  RDX  shows  a  two  stage  flame  under  laser  supported  deflagration  (Figure  7).  The  primary 
flame  raises  the  temperature  to  about  1500K  and  is  only  about  100-200  microns  thick  even  at  1  ATM. 
There  is  an  extended  '‘dark  zone"  where  the  temperature  is  relatively  constant.  The  species  in  this  dark 
zone  include  NO  and  HCN.  NOj  was  found  to  convert  to  NO  early  in  the  dark  zone.  Indeed  the 
cause  of  the  dark  zone  is  the  slow  reduction  kinetics  of  NO.  Beyond  the  dark  zone  a  secondary  flame 
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fonns,  shown  by  peaks  in  the  radical  concentrations  CN  and  NH,  the  consumption  of  the  NO  (and  by 
other  measurements,  HCN),  and  the  rapid  rise  in  temperature  as  well  as  OH.  This  flame  is  about  2.5 
mm  away  from  the  surface  under  these  conditions. 


The  dark  zone  of  RDX  collapses  even  at  1  ATM  when  the  laser  supporting  flux  is  removed  (Figure  8). 
Ihe  pnmaiy  and  secondary  flames  essentially  merge  and  the  temperature  profile  rises  monotonically. 
Although  the  dark  zone  for  HMX  is  present  at  1  ATM  for  self  deflagration,  it  too  collapses  at  elevated 
pressures.  Despite  this  behavior,  the  presence  of  the  dark  zone  indicates  two  stage  chemistry  and  this 
^  just  what  is  seen  in  ignition  studies:  the  dark  zone  species  form  and  accumulate  before  the  secondary 
scenario  this  means  it  is  possible  for  explosive  premixed  gases  (mostly 
nClN,  H2CO,  NO,  NO2,  and  N2O)  to  accumulate  in  the  rocket  motor  or  within  the  cracks  of  a 
d^aged  grain.  Substantial  energy  remains  for  conversion  of  these  dark  zone  gases  to  final  products. 
Ihese  gases  may  lead  to  or  enhance  the  violence  of  a  transition  to  detonation.  In  deflagration  the 
temperature  rises  from  1500K  to  2920K,  so  somewhat  more  than  half  the  total  energy  release  is 
available. 

The  above  is  illustrative  of  research  being  conducted  at  China  Lake.  Litzinger  et  al.,^^  also  used  laser 
assisted  combustion  of  RDX  and  saw  evidence  of  a  primary  reaction  zone  involving  consumption  of 
INU2,  and  the  reaction  in  the  luminous  flame  zone  consumes  HCN,  NO,  and  N.O.  These  examples  are 
pre^nted  to  illustrate  the  t5^e  research  being  conducted.  The  reader  should  consult  the  references  for 
mrther  detail,  and  for  the  work  of  others.  For  example,  Ref.  19  provides  description  of  some  of  the 
diagnostic  techniques. 

These  experimental  data  are  combined  with  analytic  modeling  (e.g.,  the  work  of  Yetto'  and  Dryer^’ 
and  work  at  China  Lake)  and  are  yielding  outstanding  results.  These  studies  are  meaningful  in  helping 
understand  the  pre-ignition,  ignition  and  transient  combustion  behavior  that  are  described  in  later 
sections  dealing  with  ignition,  combustion,  deflagration-to-detonation  transition,  and  cookoff.  The 
existence  of  reactive  intermediate  species  play  a  significant  role  in  these  processes. 

Futoe  work  should  see  these  type  experiments  applied  to  propellants,  and  to  higher  pressures. 
Unrortunately  some  limitations  are  currently  found,  especially  with  AP  based  propellants  and  at  high 
pressmes  for  all  propellant  types,  due  to  the  very  small  distance  between  the  regressing  surface  and  the 
final  flame  zone. 
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Figure  8.  PLIF  measured  and  absorption  calibrated  species  and  temperature  profiles 
for^e^deflagration  of  RDX  at  1  ATM  (no  external  laser  heating  flux).  Temperatures 
below  0.3  mm  come  from  5  micron  thermocouple.  Without  substantial  external  laser 
flux  the  dark  zone  temperature  plateau  disappears  due  to  the  diffusive  smearing  caused 
by  the  close  proximity  of  the  radical  profiles  of  the  secondary  flame. 


COMBUSTION 

The  pressure-time  history  due  to  burning  propellant  in  a  closed  (or  semi  closed)  container  is  a  function 
of  several  considerations  and  can  result  in  propulsion,  explosion,  and  even  transition  to  detonation. 
As  shown  in  the  fragment  impact  hazard  analysis  protocol, the  balance  between  gas  generation  ys. 
gas  venting  determines  whether  an  explosion  can  occur.  Similarly  a  deflagration  to  detonation 
transition  can  occur  if  several  conditions,  some  related  to  ignition  and  combustion,  are  met. 

The  pressure-time  history  is  a  function  of  the  mass  burning  rate  which  in  turn  is  a  function  of  the 
propellant  density,  burning  surface  areas  and  surface  regression  rate  (often  called  the  linear  bum  rate 
or  simply  bum  rate) 

p,  t  =  f(rh,  .  .  .) 


m  =  prAb 

However,  the  surface  regression  rate  is  a  function  of  pressure,  often  given  as  r  =  Cp".  There  are 
several  factors  involved  with  the  combustion  of  a  confined  energetic  material,  and  how  that 
combustion  can  lead  to  hazardous  situations.  The  pressure-time  produced  from  the  combustion  of  the 
energetic  material  must  be  compared  to  the  dynamic  mechanical  behavior  of  the  case,  with  proper 
consideration  of  the  venting,  to  determine  the  overall  response.  Again,  the  gas  production  rate 
produced  by  the  propellant  is  a  function  of:  (1)  The  surface  regression  rate  of  the  propellant,  which  in 
turn  is  a  function  of  the  pressure,  and  (2)  the  bum  surface  area  of  the  propellant  which  is  in  turn  a 
function  of  the  surface  regression  history. 

The  following  sections  briefly  discuss  bum  rate  and  bum  area  considerations,  as  well  as  providing 
references  to  more  detailed  discussions. 
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Burn  Rates  of  Energetic  Materials 

The  rate  at  which  a  solid  is  converted  to  gas  during  combustion  is  commonly  called  the  bum  rate  and  is 
a  function  of  pressure  as  discussed  above,  initial  sample  temperature,  and  boundaiy  considerations 
such  as  flow  past  the  surface  (often  called  erosive  burning).  Data  from  Atwood  and  Curran  show  the 
effects  of  pressure  and  initial  sample  temperature  on  bum  rate  (Figure  9a  and  b).  Figure  9a  shows  the 
bum  rate  of  ambient  temperature  RDX  from  1  atmosphere  up  to  10,000  psi,  while  Figure  9b  shows 
the  bum  rates  for  jRDX  samples  initially  at  223,  298,  373,  and  423  K.  The  symbols  on  the  plots  are 
the  experimental  data,  and  the  lines  are  the  results  of  calculations  using  the  “frozen”  kinetic  parameters 
discussed  below. 

Bum  rate  data  are  required  for  hazard  assessment  protocol  considerations  discussed  earlier,  and  in 
other  protocols  presented  in  Ref.  1.  The  data  are  used  in  other  not  so  obvious  ways:  (1)  the  slope  of 
the  bum  rate-pressure  cu^e,  when  plotted  logarithm  bum  rate-logarithm  pressure  is  the  bum  rate 
exponent  (n  in  the  expression  r  =  Cp")  and  can  give  some  indication  of  potential  hazards,  and  (2)  the 
temperature  and  pressure  sensitivity  of  bum  rate,  coupled  with  ignition  data,  can  be  used  to  evaluate 
kinetic  parameters,  that  are,  in  turn,  "frozen"  input  variables  to  be  used  in  transient  combustion  codes 
to  predict  convective  combustion  and  deflagration-to-detonation  transition. 

Bum  rate  exponents  very  near  umty  and  above  are  to  be  avoided  since  a  small  increase  in  pressure  has 
a  corresponding  larger  effect  on  bum  rate,  which  increases  the  pressure,  and  increases  the  bum  rate 
and  so  on  until  a  case  failure  or  explosion  results.  In  rocket  propellants  slope  breaks  as  illustrated  in 
Figure  10  often  occur  at  high  pressures.  Many  times  the  high  pressure  portion  of  the  bum  rate  curve 
has  a  bum  rate  exponent  very  near  or  slightly  greater  than  one. 

The  transient  combustion  analyses,  developed  by  Price  at  China  Lake,  are  used  to  model  high  rate 
combustion  phenomena  such  as  deflagration  to  detonation.  In  fact,  transient  combustion  analyses  must 
be  used,  as  opposed  to  combustion  descriptions  such  as  r  =  Cp",  if  one  is  to  fully  predict  the  various 
aspects  of  DDT  (a  later  section  will  discuss  this  subject).  This  is  because  the  plots  of  Figure  9  are 
essentially  the  "steady  state"  values  of  bum  rate-pressure,  and  may  be  altered  in  veiy  rapidly  changing 
environments  such  as  present  in  DDT  experiments.  A  mistake  often  made  by  analysts  is  to  try  to  apply 
steady  state  data  to  a  highly  transient  situation  -  almost  implying  that  the  transient  is  a  special  case  of 
steady  state,  when  in  reality  steady  state  is  the  special  case  of  fully  transient. 

If  one  keeps  the  above  consideration  in  mind  one  can  use  the  bum  rate  data  and  ignition  data  as 
special  cases  to  determine  kinetic  data.  Briefly,  these  models  are  based  on  two  competing  solid  to 
pyrolysis  product  reactions  (similar  to  BrilFs  work  on  nitraminc  decomposition),  followed  in  each 
path  by  sequential  pyrolysis  product  to  final  product  second  order  gas  phase  reactions.  The  kinetic 
parameters  of  Arrhenius  pre-factor  and  activation  ener^  (four  pre-factors  and  four  activation  energies) 
together  with  corresponding  energy  release  are  determined  by  evaluating  what  values  give  the  best  fit 
to  actual  bum  rate  [r  =  r(p,TJ]  data  and  flux-time-pressure  ignition  data.  The  values  determined  for 
RDX  are  given  in  Table  1.  These  parameters  are  then  "frozen"  and  used  in  other  experiments  to 
predict  laser  augmented  bum  rate,  convective  combustion,  and  DDT.  The  goodness  of  fit  can  be 
appreciated  by  compariiig  the  results  predicted  using  the  set  of  “frozen  parameters”  to  the  actual  data 
(solid  curves).  As  seen  in  Figure  9a  the  fit  is  outstanding  over  this  large  pressure  range,  while  Figure 
9b  shows  the  excellent  agreement,  using  the  same  “frozen”  parameters,  for  the  temperature  sensitivity. 
These  same  frozen  parameters  applied  to  the  ignition  data  for  RDX  show  the  same  good  fit. 
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BURN  RATE,  M/SEC  X  10' 


(a)  Bum  Rate  of  RDX  at  Ambient  Temperature. 


PRESSURE,  PSIA  (MPA) 


(b)  Bum  Rate  at  Various  Temperatures. 

Figure  9. 
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TABLE! 

RDX  Kinetic  Parameters. 


Reaction  la.  Solid  to  Reactive  Intermediate  Gases 
Prefactor  4.95E+20  sec"' 

Activation  Energy  48.6  kcal/mole 

Reaction  2a,  Solid  to  Reactive  Intennediate  Gases 
Prefactor  4.40E+ 1 8  sec*^ 

Activation  Energy  44.3  kcaPmole 


Reaction  lb  Intermediate  to  Final  Products 
Prefactor  1 .48E+ 1 1  cmVmole  sec 

Activation  Energy  1 9.4  kcal/mole 

Reaction  2b  Intennediate  to  Final  Products 
Prefactor  1 .92E+ 1 4  cmVmole  sec 

Activation  Energy  25 .9  kcal/mole 


PRESSURE,  PSIA 

Figure  10.  Bum  rate  as  a  fiinction  of  pressure,  showing  a  slope 
break  at  high  pressure. 


Burn  Area 

Bum  area  is  an  extremely  important  determinant  of  the  hazard  severity  given  inadvertent  ignition  of  the 
propellant.  References  22  and  23  present  extensive  surveys  of  combustion  into  defects  in  energetic 
materials.  Damage  is  involved  in  many  hazard  scenarios  such  as  bullet  fragment  impact,  ESD,  and 
some  slow  cook-off  areas.  The  damage  can  be  pre-existing  before  ignition/combustion,  or  it  may 
accompany  the  ignition/combustion.  The  burning  of  pre-straincd  (hence,  in  some  cases,  pre-damaged 
propellant)  is  described  below. 


The  Effects  of  Strain  on  the  Burning  Rates  of  High  Energy  Solid  Propellants 

High  energy  propellants  usually  have  a  high  solids  loading  (the  portion  of  solid  ingredients  such  as 
ammonium  perchlorate  (AP),  cyclotetramethylenetetranitramine  (HMX),  aluminum  and  other 
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ingredients  such  as  solid  catalysts)  as  compared  to  the  polymeric  binder.  An  obvious  condition 
accompanying  high  solids  loading  is  that  diere  is  less  polymeric  binder  "glue"  to  hold  the  solid 
particles  together  to  form  propellants  having  acceptable  mechanical  properties.  Given  these  highly 
loaded  propellants,  one  would  like  to  know  such  things  as  how  far  can  a  propellant  be  strained  before 
ballistic  anomalies  (such  as  bum  rate  augmentation)  become  significant. 

The  burning  rate  of  a  high  energy  propellant  as  a  function  of  strain  is  presented  in  Figure  11.  [Note: 
The  propellant  was  strained  prior  to  burning.  Thus  any  damage  was  pre-existing  and  held  open.]  The 
data  show  that  no  significant  augmentation  of  burning  rate  occurs  for  pressures  below  500  psi 
regardless  of  strain  (the  samples  fail  at  approximately  25%  strain).  At  higher  pressures  (p  >  750  psi) 
bum  rate  augmentation  appears  for  strains  above  approximately  8%.  At  1500  psi  and  strains  above 
approximately  12%,  the  sample  bums  in  a  vigorous  and  nonplanar  fashion  precluding  meaningful 
measurement  of  a  linear  surface  regression. 

Data  for  several  types  of  propellants  show  bum  rate  increase  at  pressures  and  strains  greater  than  some 
threshold  values.  (The  magnitude  of  the  threshold  values  depends  on  the  propellant.)  It  should  be 
emphasized  that  both  threshold  values  (pressure  and  strain)  have  to  be  exceeded,  exceeding  just  one  is 
not  sufficient.  For  example,  high  strain  but  low  pressure  will  not  cause  augmentation  nor  will  high 
pressure  but  low  strain. 

The  mechanical  response  of  the  propellants  to  strain  was  studied  using  a  binocular  microscope.  These 
studies  showed,  using  the  propellant  of  Figure  1 1  as  an  example,  that  at  4%  strain,  debonds 
(separation,  on  a  micro-scale,  of  the  solid  particle  from  the  polymeric  binder)  between  ingredients 
occurs,  between  9-11%  strain  these  debonds  are  often  fully  developed  cracks,  with  the  walls  of  the 
crack  in  close  proximity.  At  approximately  16%  these  cracks  are  open  voids;  that  is,  the  walls  of  the 
crack  are  no  longer  in  contact  with  one  another.  At  approximately  24%  the  sample  is  often  riddled 
with  large  cracks  and  the  sample  fails. 


Figure  11.  Burning  rate  of  a  high  energy  propellant  as  a  function  of  pressure  and  strain. 
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Figure  12.  A  Mechanism  for  the  Augmentation  of  Burning  Rate  Due  to  Pressure  and  Strain. 


The  above,  coupled  with  our  knowledge  of  flame  stand-off  distmice  decrease  with  pressure  increase, 
provides  a  mechanistic  understanding  for  the  bum  rate  augmentation  due  to  strain  and  pressure.  The 
mechanism  is  shown  in  Figure  12.  At  low  strain  values  the  propellant  is  not  significantly  damaged  and 
so  regardless  of  the  flame  stand-off  (Figure  12.  (top)),  augmentation  will  not  occur.  When  the 
propellant  is  highly  strained  and  fissured,  augmentation  occurs  if  the  flames  can  penetrate  into  those 
fissures.  At  low  pressures  the  flame  stands  too  far  from  the  surface  to  allow  penetration,  but  at  high 
pressures  the  flame  is  close  enough  to  the  surface  to  penetrate  the  fissures  and  cause  bum  rate 
augmentation. 

Since  fl^e  penetration  into  the  defects  seems  to  be  required  for  bum  rate  enhancement,  a  study  was 
done  using  propellants  that  had  been  strained  almost  to  failure  and  then  the  tension  removed.  Hie 
voids  closed  and  when  those  samples  with  the  closed  voids  were  burned,  the  bum  rate  was  identical  to 
the  undamaged  propellant  burned  at  that  pressure. 

These  data  indicate  that  under  certain  conditions  strain  can  cause  damage,  and  if  that  damage  is 
sufficient  and  open,  and  if  the  pressure  is  high  enough  to  allow  flame  penetration  into  the  defects,  then 
bum  rate  enhancement  can  occur. 

Professor  Kuo  and  co-workers  at  Pennsylvania  State  University  have  studied  the  combustion  of 
propellants  with  various  cracks  and  other  defects,  observing  crack  growth  during  combustion.  Their 
extensive  publications,  for  example  Ref  24,  should  be  consulted  for  more  information. 

addition  to  the  growth  of  cracks  during  combustion  there  are  other  dynamic  effects.  As  bum  rate 
increases  the  thermal  zone  gets  thinner  and  the  thermal  gradient  gets  steeper.  Under  these  conditions 
many  samples,  and  ingredients  within  samples,  crack,  allowing  combustion  into  these  fissures. 
Under  some  conditions  the  cracking  is  so  severe  that  the  sample  actually  comes  apart.  Robert  Fifer 
and  his  colleagues  at  the  Army  Research  Laboratory  have  extensively  studied  this  deconsolidation,  and 
the  reader  is  referred  to  their  works. 

If  the  propellant  undergoes  significant  break-up  then  DDT  or  other  bum  to  violent  reactions  may 
occur.  Ensuing  sections  of  this  paper  briefly  discuss  these  possibilities. 


DEFLAGRATION-TO-DETONATION  TRANSITION  (DDT) 

DDT  has  occurred  during  firing  of  rocket  motors.  In  the  early  1960s  at  Hercules,  Kenvil,  NJ,  a  ten 
pound  charge  of  slurry  cast  cross  linked  composite  modified  double  base  containing  AP  and  HMX 
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was  observed  to  DDT  during  routine  static  firing.  The  cause  was  attributed  microporosity  in  the 
grain.""  In  May  1974,  at  Hercules,  Bacchus,  UT,  a  second  stage  Trident  C4  motor  underwent  DDT 
during  a  routine  static  test  firing.  The  cause  was  attributed  to  a  region  of  highly  damaged  propellant 
produced  when  the  nozzle  blew  out  and  the  motor  case  “snapped  back.”  DDT  has  also  been  observed 
in  granular  systems  such  as  gun  propellant. 

DDT  reactions  have  been  widely  studied  in  the  laboratory  and  described  in  extensive  analytical 
modeling.  The  excellent  experimental  work  conducted  at  Naval  Surface  Warfare  Center  (Bemecker, 
Price,  Sanduskey,  Glancy),  at  Hercules  (now  Alliant  TechSystems,  by  Butcher  and  Keefe),  at  Los 
Alamos  (McAfee,  Asay,  Campbell,  Ramsay,  Son,  and  Bdzil),  at  LLNL  (Green,  Lee),  and  the 
excellent  analytical  work  of  Baer,  Nunziato,  Krier,  Beckstead,  Butler,  Kooker,  Weston,  Son,  Kim 
and  Cowperthwaite  should  be  consulted.  Many  of  these  works  have  been  published  in  the 
International  Detonation  Symposia  proceedings.  [Again,  this  is  not  meant  to  be  a  complete  listing.] 
We,  at  China  Lake,  have  also  been  strongly  involved  in  these  efforts,  and  results  of  our  work  are 
presented  later  in  this  section. 

Bemeckeri^  has  listed  the  stages  of  DDT  mechanism  for  porous  charges  as:  (1)  Pre-ignition,  (2) 
Ignition/Conductive  Burning,  (3)  Convective  (Reaction)  Burning,  (4)  Compressive  (Hot  Spot) 
Burning,  (5)  Shock  Formation,  (6)  Compressive  Burning,  and  (7)  Detonation.  McAfee  et  al."^  has 
depicted  these  stages  (combining  1-3  and  using  slightly  different  nomenclature)  in  the  distance-time 
plane  as  shown  in  Figure  13. 

Whether  or  not  a  propellant  reaction  can  transition  from  a  burning  reaction  to  a  detonation  is 
determined  by  several  considerations.  The  key  requirement  for  this  transition  to  occur  is  a  sufficient 
surface  to  volume  ratio  and  porosity  of  the  energetic  sample  either  through  manufacture  and  loading,  in 
the  case  of  some  gun  propellants,  or  through  large  scale  damage  in  the  case  of  missile  propellants.  For 
missile  propellants  the  first  consideration  then  is  the  likelihood  of  the  propellant  being  damaged  either 
before  or  during  the  bum.  This  is  a  critical  consideration  because,  with  rare  exceptions,  it  is  nearly 
impossible  for  a  consolidated  propellant  at  near  theoretical  maximum  density  (TMD)  to  undergo  a  DDT 
reaction. 
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Figure  13.  Schema  of  the  DDT  process  in  granular  HMX. 
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Figure  14.  Limits  of  DDT  or  granulated  propellant  samples.'^ 


Figure  14  presents  the  limits  of  DDT  for  granulated  propellant  samples  of  a  given  type.’*  This  plot 
shows  that  you  must  have  sufficient  TMD  -  for  this  propellant  formulation  and  confinement  about  49% 
TMD;  any  less  will  not  sustain  and  accelerate  the  reaction.  If  the  sample  is  too  dense,  the  DDT  reaction 
will  not  occur.  Similarly  there  is  a  range  of  surface  to  volume  required  (100-700  inches'')  if  DDT  is  to 
occur.  If  these  conditions,  or  similar  conditions  for  other  samples,  are  not  met  then  a  DDT  reaction, 
for  this  propellant,  is  extremely  improbable.  Although  transition  to  detonation  may  not  be  probable, 
an  explosion  may  still  occur.  In  order  to  determine  whether  an  explosion  may  occur,  the  pressure  and 
the  rate  of  pressurization  caused  by  gasification  must  be  determined  and  compared  to  the  mpture 
characteristics  of  the  motor  case. 

If  the  propellant  is  damaged  and  if  the  resulting  %TMD  and  surface-to  volume  ratio  are  in  the  "right" 
range  then  DDT  is  extremely  likely.  Whether  or  not  the  DDT  occurs  is  determined  by  the  pressure  and 
pressurization  rate  within  the  vessel  and  the  rapture  characteristics  of  vessel  (motor  case).  If  the  motor 
case  ruptures  "too  soon,"  then  confinement  is  lost  and  the  DDT  reaction  becomes  unlikely.  (The 
rupture  may  be  a  violent  explosion.)  The  rapture  characteristics  of  the  vessel  need  to  be  determined 
experimentally  and/or  analytically  but  will  not  be  discussed  furdier  in  this  paper. 

The  distance  time  history  of  a  DDT  reaction  of  1 080  pm  HMX  powder,  originally  loaded  in  a  heavy 
walled  tube  to  61%  TMDD  is  shown  in  Figure  15.  The  figure  shows  the  x-t  location  of  the  luminous 
front,  the  weak  compaction  wave,  and  the  strong  compaction  wave  and  the  build  up  of  detonation  that 
occurs  104  mm  down  the  tube  and  after  approximately  400  pseconds.  [Note:  in  this  experiment, 
time  =  0  was  taken  to  be  first  detection  of  luminosity  at  the  igniter  interface,  not  necessarily  first 
reaction  of  the  igmter.]  After  this  transition  the  detonation  wave  moves  through  the  rest  of  the  sample 
at  5.9  mm/psec.  The  location  of  the  lines  in  the  x-t  plane  are  strongly  influenced  by  several 
considerations.  These  include  the  degree  of  confinement,  the  strength  or  "brisance"  of  the  ignition 
stimulus,  the  sample  thermochemical  and  physical  characteristics,  the  charge  dimensions  (diameter  and 
column  length),  and  the  intrinsic  detonability  of  the  material.  The  physical  characteristics  of  the 
sample  include  the  size  and  shape  of  the  dan^ged  pieces,  the  porosity  and  gas  permeability,  and  the 
compressibility.  The  thermochemical  considerations  include  the  chemical  composition  of  propellant, 
pyrolysis  products,  and  final  products;  the  kinetics  and  energetics  associated  with  the  pyrolysis 
process  (solid  propellant  going  to  reactive  intermediate  species),  and  the  kinetics  and  energetics 
associated  with  the  conversion  of  the  reactive  intermediate  gases  to  final  products. 

It  must  be  stressed  that  the  above  items  are  listed  separately  but  in  fact  the  DDT  process  is  a  highly 
coupled  interaction  of  these  various  considerations. 
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From  the  above  discussion  it  can  be  seen  that  the  following  types  of  data  are  necessary  in  order  to 
predict  whether  DDT  is  likely  to  occur: 

•  Strength  and  brisance  of  ignition  stimulus 

•  Confinement  and  rupture  characteristics  of  the  case 

•  Compaction  behavior  of  the  sample  -  how  the  %TMD  changes  with  pressure 

•  The  compaction/drag/permeability  -  the  compaction  is  caused  by  an  imbalance  of  forces  between  the 
drag  of  the  gases  flowing  over  the  particles  and  the  particles  ability  to  resist  compression.  As  the 
sample  is  compacted,  the  permeability  (the  ability  of  gas  to  flow  through  the  sample)  is  changed 

•  The  kinetics  and  energetics  associated  with  the  pyrolysis  and  conversion  to  final  products 

•  The  compressive  ignition  characteristics  of  the  compacted  material 

•  The  detonability  of  the  propellant 

Reference  1  discusses  the  various  test  techniques  used  in  conjunction  with  DDT  studies,  as  well  as 
providing  references  to  detailed  analytical  studies. 

Previous  sections  mentioned  that  the  ignition  flux-pressure-time  data,  together  with  bum  rate-pressure- 
initial  sample  temperature  data,  are  used  to  determine  kinetic  parameters  in  a  transient  global  kinetics 
combustion  code.  At  China  Lake,  this  transient  combustion  code  is  then  used  in  a  larger  DDT  code  to 
predict  aspects  of  (a)  gas  pressure  in  the  tube  as  a  function  of  location  and  time,  (b)  compaction 
profiles  in  distance  and  time,  (c)  amount  of  solid  pyrolyzed,  and  amount  of  pyrolysis  products  reacted 
to  final  products,  and  (d)  thermally  and  mechanically  (piston)  stimulated  DDT.  A  few  examples  are 
shown  here  in  Figures  16  through  18. 
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(a)  Pressure. 


(b)  Compaction. 

Figure  16.  Pressure  and  compaction  profiles  at  beginning  of  DDT  process. 


The  analytical  modeling  of  DDT  performed  at  China  Lake  has  been  described  in  Ref.  30.  This 
modeling  is  based  on  much  of  the  work  presented  in  earlier  sections  of  this  paper.  For  example,  it 
uses  the  kinetics  and  energetics  determined  for  ignition  and  combustion,  as  described  earlier/ to 
describe  the  combustion  behavior  in  the  DDT  process.  In  addition  it  uses  the  drag  and  compaction 
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data  deteimined  at  Naval  Surface  Weapons  Center  and  at  China  Lake.  The  following  presents  typical 
results  of  our  calculations. 

Figure  16a  presents  the  predicted  gas  pressure-distance  profiles  at  120,  200,  280,  360,  and  440 
pseconds,  showing  a  relatively  slow  build-up  in  pressure,  for  1080pm  HMX  burning  in  a  heavy 
walled  tube  (essentially  the  same  conditions  of  the  actual  experiments  shown  in  Figure  15).  Figure 
16b  shows  the  corresponding  compaction  profiles.  At  t  =  0,  the  tube  is  uniformly  filled  at  61%  TMD. 
As  the  first  material  reacts,  some  of  the  material  is  gasified,  and  starts  pushing  adjacent  material  down 
the  tube.  As  the  reactions  continue,  more  and  more  of  the  powder  is  compacted  by,  and  ahead  of,  the 
pressure  wave,  and  a  plug  of  approximately  85%  TMD  is  formed. 

Figure  17a  presents  the  gas  pressures  at  the  transition  at  595,  605,  615,  and  624  pseconds.  When  this 
plot  is  compared  with  Figure  17a  two  observations  are  made;  in  Fi^e  16a  the  pressure  slowly  builds 
(the  time  steps  were  80  ps)  to  a  modest  pressure  (60-70  MPa)  while  in  Figure  17a  the  gas  pressure 
goes  from  less  than  1  GPa  to  over  12  GPa  in  10  pseconds  -  a  tremendous  acceleration.  Figure  17b 
presents  the  corresponding  compaction  plots.  At  595  ps  the  reactions  have  caused  an  almost 
impermeable  plug  of  approximately  95%  TMD.  As  the  reactions  continue  that  plug  is  rapidly 
consumed  with  the  TMD  going  to  zero  in  the  area  of  reaction. 

Figure  18  is  a  plot  of  the  location  of  the  leading  edge  of  the  compaction  profile  as  a  function  of  time. 
The  solid  curve  is  for  the  calculations  presented  in  Figs.  16  and  17,  and  shows  transition  to  detonation 
at  approximately  125  mm  and  600  pseconds.  These  values  can  be  compared  to  the  experimental 
values  of  104  mm  and  approximately  430  pseconds  from  first  luminosity  presented  in  Figure  16. 
[Note:  The  time  differences  are  not  unexpected.  The  calculations  set  t  =  0  to  be  when  the  igniter  is 
initiated,  while  t  =  0  for  the  experiment  was  when  first  illumination  out  of  the  igniter  was  observed.] 
The  dashed  curve  is  for  the  case  where  the  prefactors  for  the  gas  phase  reactions  were  increased  by  3 
orders  of  magnitude  (from  10^  to  10‘\  for  one  reaction  path,  and  from  10"  to  10"^  in  the  other  gas 
phase  reaction  path).  As  can  be  seen  this  change  to  faster  kinetics  produces  significant  change.  The 
transition  to  detonation  occurs  too  quickly,  but  more  importantly  it  occurs  in  the  wrong  place. 
Predictions  for  other  cases  bear  out  the  tremendous  importance  of  the  gas  phase  kinetics  if  experiments 
are  to  be  properly  modeled.  As  mentioned  earlier  these  kinetic  parameters  are  independently 
determined  from  the  bum  rate  as  a  fimction  of  pressure  and  initial  sample  temperature  coupled  with  the 
ignition  flux-time-pressure  data. 

Critical  impact  velocity.  Before  leaving  this  section  on  DDT,  I  would  like  to  comment  on  the  use,  or 
rather  misuse,  of  the  term  critical  impact  velocity.  The  term  refers  to  an  impact  velocity  in  the  shot  gun 
test,  that  produces  enough  damage  to  the  sample,  so  that  the  damaged  sample  will  experience  a  DDT 
reaction  in  the  DDT  tube  test.  This  part  is  relatively  straight  forward;  the  problem  comes  with  an 
intermediate  step-closed  bomb  firings.  Butcher  and  Keefe,  burned  their  shotgun  damaged  samples  in 
a  91cc  closed  bomb.  They  found  that  when  the  samples  were  damaged  enough  to  produce  a  pressure 
rise  rate  of  2.5X10^  psi/sec  in  that  91cc  closed  bomb,  then  similar  damaged  material  would  transit  to 
detonation  in  the  DDT  tube  experiment.  By  plotting  impact  velocity  and  pressurization  rate  as 
measured  in  the  closed  bomb,  and  using  this  2.5X10^  psi/sec  pressurization  rate  they  determined  the 
corresponding  “critical  impact  velocity”  for  that  propellant.  The  problem  today  is  that  people  do  not 
remember  that  the  CIV  values  that  Butcher  and  Keefe  reported  were  for  that  one  propellant,  or  for  a 
family  of  propellants  of  very  similar  composition,  tested  in  that  one  closed  bomb.  You  cannot 
compare  data  if  propellants  have  significant  differences  in  surface  bum  rate,  bum  surface  area,  or 
density  (see  earlier  discussion  on  pressurization).  Similarly  you  can’t  make  comparisons  if  the  closed 
bombs  are  different  volumes  and/or  design.  This  is  mentioned  because  recently  some  people  looked  at 
some  closed  bomb  data  of  an  AP  based  propellant,  a  propellant  that  produced  a  rather  high  dp/dt  in  a 
closed  bomb,  and  deduced  that  this  propellant  would  have  a  DDT  problem  because  it  exceeded  the 
critical  impact  velocity.  This  was  not  necessarily  tme  because  this  propellant  had  a  higher  bum  rate, 
and  was  more  friable  (more  bum  surface  area)  than  the  propellants  studied  by  Butcher  and  Keefe. 
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Figure  18.  Location  of  leading  edge  of  the  compaction  profile  as  a  function  of  time. 


DELAYED  DETONATION  (OFTEN  REFERRED  TO  AS  XDT) 

There  are  many  examples  of  delayed  detonation  phenomena.  Delayed  in  this  context  refers  to 
detonation  occurring  at  times  longer  than  associated  for  prompt  shock  to  detonation  transition  (SDT). 
The  early  work  of  Green,  et  al.^  and  Keefe^^  should  be  consulted.  Since  those  early  works,  much 
additional  work  has  been  performed,  showing  delayed  detonations  in  many  different  instances.  A 
recent  joint  NATO  Insensitive  Munitions  Information  Center/The  Technical  Cooperation  Panel 
(NIMIC/TTCP)  workshop  held  at  China  Lake  (in  conjunction  with  the  NIMIC/TTCP  cookoff 
workshop  described  later),  resulted  in  8  different  XDT  scenarios:  (1)  rocket  motor  bore  effects, 
(2)  bullet/ffagment  impact  on  high  explosives  and  some  propellants,  (3)  gap  tests,  (4)  shot  gun  tests, 
(5)  pick  up  tests,  (6)  sometimes  in  sympathetic  detonation  tests,  (7)  cavitation  in  liquid  explosives,  and 
(8)  flyer  plate  impact  tests. 

Items  (1)  and  (2)  are  of  concern  with  respect  to  rocket  motors  having  some  form  of  a  center 
perforation  as  observed  by  Nouguez  and  co-workers  at  SNPE.^"  When  they  fired  a  bullet  through  the 
propellant  web  it  caused  no  detonation,  while  a  similar  bullet,  at  the  same  velocity,  when  fired  so  that 
it  went  through  the  bore  caused  detonation.  At  China  Lake,  Finnegan  and  co-workers  investigated  a 
similar  phenomena  in  an  idealized  one  dimension  geometry.  They  fired  fragments  at  a  target 
consisting  of  metal  cover  to  simulate  the  motor  case,  slab  of  propellant,  air  gap,  propellant,  and  metal. 
They  found  that  as  the  projectile  penetrated  the  first  slab  of  propellant  it  damaged  the  propellant  and  a 
debris  cloud  moved  across  the  air  gap.  When  this  debris  cloud  impacted  the  second  propellant  slab  it 
usually  ignited  and  depending  on  the  gap  and  the  propellant  material  would  either  bum  vigorously  or 
detonate.  Finnegan  found  that  there  were  three  regimes  of  detonation  reaction  depending  on  the  bore 
spacing:  one  region  of  prompt ,  shock  induced  reaction  and  two  regions  of  delayed  (50+  ps  after 
debris  cloud  impacted  second  surface).  From  these  smdies  Finnegan  concluded  that  (1)  some 
confinement  was  necessary  to  achieve  these  delayed  detonations,  (2)  the  second  surface  did  not  have 
to  be  “live”-it  could  be  inert  and  still  cause  the  delayed  detonation,  and  (3)  the  reaction  required  the 
live  debris  cloud,  the  second  surface  and  the  projectile.  Tests  with  a  hole  on  the  second  side,  so  that 
the  debris  cloud  ahead  of  the  projectile,  and  the  projectile,  would  pass  through  the  hole  and  not  impact 
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the  second  side  resulted  in  no  delayed  detonations.  In  addition  Finnegan  perfoimed  a  limited  number 
of  tests  where  the  second  side  was  either  concave  or  convex. 

Finnegan’s  test  is  of  interest  because  so  far  it  mimics  responses  of  ordnance  items  to  bullet  and 
fragment  impact.  Those  items  that  detonate  in  the  large-scale  test,  also  detonate  in  Finnegan's  test, 
while  those  that  violently  bum  in  the  large-scale  tests  also  do  so  in  Finnegan’s  test. 

These  phenomena  have  been  incorporated  into  the  bullet/fragment  impact  hazard  assessment  protocol. 

COOKOFF 

As  mentioned  earlier,  fire  is  a  major  concern  on-board  ship,  especially  for  the  large  aircraft  carriers. 
Operations  on  board  a  carrier  deck  are  carefully  orchestrated  events,  many  of  them  occurring 
simultaneously,  especially  during  combat.  There  is  the  launching  of  aircraft  with  the  high  g  forces 
associated  with  catapult  launch;  there  are  the  hard,  high  speed  landings  on  a  moving,  small  deck  (when 
compared  to  normal  landing  fields)  with  rapid  deceleration  when  the  tail  hook  engages  the  arresting 
cable  (sometimes  referred  to  as  “controlled  crashes”);  there  is  the  race  between  launching  aircraft,  and 
recovering  aircraft,  often  low  on  fuel,  from  the  previous  launches;  there  are  often  many  planes  on 
deck,  in  various  stages  of  readiness-some  being  re-fueled,  some  being  re-armed;  there  are  often 
“bomb  farms”  (stockpiled  weapons  stores  on  the  deck)  because  you  do  not  have  time  to  move  enough 
ordnance  from  the  magazines  to  the  deck  and  onto  the  planes  without  stockpiling  the  items  on  deck, 
there  are  hot  gas  “buffers”  used  to  start  engines,  there  is  handling  equipment,  and  there  are  people,  all 
on  deck,  all  moving  around.  The  potential  for  fire  is  extremely  high  and  the  potential  of  weapons  to  be 
caught  in  that  fire  is  also  relatively  high.  And  there  is  no  place  to  run  and  hide. 

As  presented  by  Beauregard^"'  from  October  1966  to  May  1981  there  were  four  aircraft  carrier 
accidents  that  resulted  in  fires  and  munition  explosions.  Two  hundred  and  twenty  sailors  and  naval 
aviators  were  killed  and  seven  hundred  and  eight  were  injured.  In  terms  of  1990  dollars,  there  were 
478  million  dollars  in  ship  damage,  and  1,958  million  dollars  in  aircraft  damage.  The  following 
descriptions  of  the  events  were  excerpted  from  Ref  34. 

On  26  October  1966,  two  sailors  aboard  the  USS  Oriskany  were  re-stowing  aircraft  flares  from  an 
aircraft  returning  from  a  mission  over  Vietnam.  One  of  the  sailors  dropped  a  flare  that  actuated.  One 
of  the  sailors  picked  up  the  actuated  flare,  threw  it  in  the  locker,  and  closed  the  door.  Unfortunately 
there  were  some  2.75  inch  rocket  warheads  in  the  locker.  A  warhead  detonated  spreading  the  fire.  A 
second  warhead  detonated,  followed  by  explosion  of  a  liquid  oxygen  tank.  Forty  four  sailors  were 
killed  and  156  injured.  Two  helicopters  and  four  aircraft  were  severely  damaged.  The  Navy  spent 
over  S48  million  repairing  the  ship. 

On  29  July  1967,  onboard  the  USS  FORRESTAL,  a  ZUNI  rocket  was  accidentally  fired  from  an 
aircraft  being  readied  for  a  mission.  The  rocket  crossed  the  flight  deck,  struck  another  aircraft,  and 
ignited  a  fuel  fire.  Ninety  seconds  after  the  fire  started,  a  bomb  detonated,  killing  or  wounding  most 
of  the  fire  fighting  crews.  The  detonation  ruptured  the  flight  deck,  and  burning  fuel  spilled  into  the 
lower  decks.  Bombs,  warheads,  and  rocket  motors  reacted  with  various  degrees  of  violence.  There 
were  134  deaths  and  161  injured.  Twenty  one  aircraft  were  destroyed  and  the  repair  to  the  ship  cost 
over  $758  million. 

On  15  January  1969,  onboard  the  USS  ENTERPRISE,  the  exhaust  from  an  aircraft  engine  starter  unit 
impinged  onto  a  pod  containing  four  ZUNI  rockets,  causing  one  of  the  warheads  to  detonate. 
Fragments  ruptured  the  aircraft’s  fuel  tanks  and  a  fire  ensued.  Less  than  one  minute  after  the  first 
explosion,  three  more  ZUNI  warheads  detonated,  blowing  holes  in  the  flight  deck  and  allowing 
burning  fuel  to  pour  into  the  lower  level.  In  all  there  were  18  munition  explosions,  and  8  holes  were 
blown  through  the  flight  deck.  There  were  28  deaths  and  344  injuries.  Fifteen  aircraft  were  destroyed 
and  the  ship  repair  cost  over  $487  million. 
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On  26  May  1981,  an  EA-6B  aircraft  returning  to  the  USS  NIMITZ  at  night,  struck  a  helicopter,  other 
aircraft,  and  a  tow  tractor  before  coming  to  rest.  The  ensuing  fuel  fire  was  contained  and  the  order 
was  given  to  begin  the  clean-up.  As  men  approached,  a  SPARROW  warhead  buried  amongst  the  hot 
debris  detonated  and  re-kindled  the  fire.  Three  more  warheads  detonated  before  the  fire  could  be 
extinguished.  There  were  14  sailors  killed  and  39  injured.  Three  aircraft  were  destroyed  and  9 
damaged.  Repair  to  the  ship  cost  over  $58  million. 

Lest  anyone  think  that  cookoff  only  happens  on  ships,  or  is  just  a  Navy  problem,  consider  the 
Roseville,  California  rail  yard  fire,  and  various  ammunition  dump  explosions  (also  taken  from 
Beauregard^"^).  At  Roseville,  on  28  April  1973,  a  boxcar  carrying  bombs  caught  fire  and  caused  the 
bombs  to  explode.  In  the  next  few  hours  18  boxcars  exploded  in  succession.  Fortunately  no  one  was 
killed  but  48  people  were  injured  and  there  was  $24  million  in  property  damage.  In  1965  the 
ammunition  dump  at  Bien-Hoa,  Viemam  air  base  was  destroyed  by  fire  and  secondary  explosions.  In 
March  1965,  the  Viet  Cong  attacked  the  munition  storage  area  at  Qui  Nhon.  The  fire  and  secondary 
explosions  killed  3  and  injured  34,  and  many  tons  of  ammunition  were  destroyed  Also  in  1 965  fires 
and  secondary  explosions  at  Da  Nang  destroyed  more  than  $123  million  of  ammunition.  Two 
incidents  in  Desert  Storm  reveal  that  cookoff  problems  still  exist.  During  the  war  a  SCUD  missile 
landed  a  few  hundred  yards  from  where  tons  of  US  ammunition  were  stored.  Fortunately  ,  the  missile 
did  not  directly  hit  the  site.  After  the  war  there  was  a  fire  in  a  transport  vehicle  at  the  Army’s  Camp 
Doha  in  Kuwait.  An  explosion  spread  the  fire,  causing  secondary  explosions.  The  Army  lost  more 
tanks  in  that  accident  than  in  the  entire  war  against  Iraq.  Fifty-two  soldiers  were  injured  in  the  incident 
and  three  were  killed  while  clearing  damaged  ordnance. 

There  are  obviously  many  cookoff  situations  to  be  considered,  but  much  of  the  attention  falls  at  the 
two  ends  of  the  spectrum:  fast  cookoff  when  ordnance  is  subject  to  direct  fire  such  as  burning  aircraft 
fuel  or  a  bonfire,  and  slow  cookoff  The  MIL-STD-2105A  defined  the  fast  cookoff  and  slow  cookoff 
tests  for  the  US.  While  the  conditions  for  fast  cookoff  are  widely  accepted,  those  for  slow  cookoff 
have  been  in  almost  constant  debate.  The  prescribed  6°F/hr  heating  rate  (3.3°C/hr)  has  been  the  topic 
of  heated  debate  in  many  cookoff  workshops.  Many  feel  that  it  is  not  representative  of  any  real  threat, 
that  it  takes  too  long  to  run  the  test  (sometimes  days),  that  the  test  keeps  going  until  a  reaction  occurs 
regardless  if  that  is  a  realistic  time  duration,  that  it  gives  worst  case  reaction  (almost  thermal  explosion) 
because  of  the  low  temperature  gradient  (although  some  tests,  using  a  higher  heating  rate,  seem  to 
indicate  that  in  some  instances  a  more  violent  reaction  occurred),  and  that  we  waste  much  money 
trying  to  design  weapons  to  this  unrealistic  test.  Others  defend  the  test,  saying  that  some  criteria  is 
needed,  and  it  has  often  been  said  that  while  it  may  not  be  the  best  test,  there  is  an  extensive  data  base. 
While  I  tend  to  be  in  the  first  group,  often  countering  with  “What  good  is  an  extensive  data  base,  if 
almost  everything  fails?”  For  example,  of  25  motors  tested  for  slow  cookoff  at  6°F/hr,  only  one 
passed,  and  it  was  an  unusual  geometry.  I  also  facetiously  compare  continuously  using  this  heating 
rate  simply  because  we  have  a  data  base  to  the  example  of  &e  fellow  looking  for  his  wallet  under  the 
street  lamp,  not  because  he  lost  it  there  but  because  it  was  the  only  place  he  could  see  in  the  darkness. 
I  believe  that  there  is  hope  to  resolve  this  issue,  and  get  on  with  more  important  technical  issues.  The 
MIL-STD  2105B  allows  for  a  Threat  Hazard  Assessment  (THA)  to  be  made.  This  THA  looks  at  the 
weapons  system  from  “cradle  to  grave”  and  tries  to  describe  the  environments  the  weapons  system  is 
likely  to  encounter,  the  hazards  associated  with  the  environment,  the  stimulus  levels  likely  to  be  seen 
in  those  encounters,  the  probability  of  being  subject  to  the  event(s),  and  the  likely  reactions.  From  this 
THA  comes  recommendations  of  what  stimuli  and  levels  the  munition  should  be  tested  for.  This  THA 
can  be  used  to  recommend  that  some  slow  cookoff  heating  rate  other  than  6°F/hr.  is  more  realistic  for 
that  weapon  and  its  life  cycle  exposure,  and  that  the  weapon  should  be  tested  at  this  more  realistic 
condition.  Some  of  the  THA  that  I  have  reviewed  are  recommending  higher  slow  cookoff  heating 
rates  (e.g.,  50°F/hr,  52.8°F/hr-not  sure  where  this  level  of  accuracy  came  from,  and  75°/hr). 

Much  work  has  been  done  in  the  cookoff  area  (see  for  example  various  works  by  Pakulak  of  NAWC 
China  Lake,  Butcher  of  Alliant  TechSystems,  Tarver  of  Lawrence  Livermore  National  Laboratory). 
From  these  many  studies,  the  temperature  and  time  to  reaction  can  be  predicted  for  many  materials. 
However  the  ability  to  predict  violence  of  reaction  is  still  a  goal,  and  reflects  the  complex  interaction 
between  the  sample,  the  stimulus  and  the  environment.  For  cookoff,  the  stimulus  and  environment  are 
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obviously  intertwined.  The  sample  is  also  difficult  to  describe  at  times  because  it  changes  as  it 
decomposes,  and  the  decomposition  products  may  play  a  significant  role.  In  the  US,  various 
laboratories  and  investigators  are  working  together  on  what  has  been  termed  “The  Cookoff  Grand 
Challenge.”  This  cooperative  effort  seeks  to  join  experiments  with  analytical  modeling.  Fundamental 
parameters  needed  for  the  modeling  have  been  identified  and  are  being  measured.  These  data  are  given 
to  the  modelers  for  use  in  their  codes.  Benchmark  tests  are  also  being  proposed.  These  tests  will  be 
“proof  of  principle”  tests  where  those  doing  analytical  modeling  will  attempt  to  predict  the  results 
before  the  experiments  are  run.  The  results  of  the  experiments  will  then  be  compared  to  the  analytical 
predictions.  Hopefully  interactions  between  the  groups  will  enhance  progress  toward  the  goal  of 
being  able  to  predict  violence  of  reaction  as  well  as  time  to  and  temperature  of  reaction. 

As  part  of  this  “Grand  Challenge”  various  laboratories  are  investigating  the  behavior  of  a  series  of 
propellants,  that  have  controlled  formulation  changes.  These  propellants  are  summarized  in  the 
following  table: 


TABLE  2 
PS  Propellants 


Weight  %  Ingredients 

PSl 

PS2 

PS13 

PS4 

R-45/IPDI 

7.77 

7.77 

5.77 

7.77 

DTBH 

0.05 

0.05 

0.05 

0.05 

Flexone 

0.05 

0.05 

0.05 

0.05 

Tepanol 

0.12 

0.12 

0.12 

0.12 

AL  (29  jum) 

20.00 

20.00 

20.00 

20.00 

AP  (400  pm) 

AP  (200  pm) 

50.00 

50.00 

50.00 

48.80 

AP  (20  pm) 

20.00 

20.00 

20.00 

20.00 

Dioctyl  Sebacate 

Isodecyl  Pelargonate 

2.00 

2.00 

4.00 

2.00 

Iron  Oxide,  Fe203 

DDI 

1.20 

Work  on  this  same  series  of  propellants  is  presented  by  others  at  this  meeting  (Merrill;  Boteler,  Covino 
and  Lindfors;  and  Tao  et  al).  The  decomposition  behavior  of  some  of  these  propellants  as  determined 
by  Lee,  was  discussed  earlier.  Fundamental  data  being  obtained  for  these  propellants  include  thermal 
conductivity,  thermal  difflisivity  and  coefficient  of  thermal  expansion  as  a  function  of  temperature, 
decomposition  behavior  (with  and  without  confinement  of  products),  and  the  bum  rates  as  a  function 
of  pressure  and  sample  temperature.  In  addition  other  laboratory  scale  experiments  are  being 
conducted  to  obtain  mechanistic  understanding  of  the  important  parameters.  One  example  of  these 
type  experiments  are  those  being  conducted  at  China  Lake  by  Dimaranan,  Hudson  and  Lee,  using  the 
PS  series  of  propellants.  One  such  experiment  uses  a  small  “gun”  device.  The  propellant  samples  are 
heated  at  a  constant  rate,  and  when  the  propellant  “cooks  off”  the  resultant  gases  expel  the  pellet,  and 
the  pellet  velocity  is  measured.  The  velocity  of  the  propellant,  like  violence  of  reaction  is  determined 
by  the  pressure-time  history,  except  in  the  case  of  the  gun,  part  of  the  confinement  is  released,  giving  a 
measure  of  the  violence  of  the  energetic  material.  Propellants  PS  1  and  PS4,  identical  except  for  the 
addition  of  iron  oxide  in  PS4,  show  effects  of  composition.  Figure  19  shows  that  both  materials 
produce  approximately  the  same  pellet  velocity  at  cookoff,  but  fiat  the  cookoff  of  PS4  occurs  at 
approximately  250°C  while  the  cookoff  of  PS  1  occurs  at  approximately  320°C.  Also  shown  on  the 
plot  is  the  minimal  differences  of  heating  at  10  or  15°C/min.  The  difference  in  decomposition  is 
graphically  illustrated  by  scanning  electron  micrographs  (SEM)  of  samples  heated  to  a  temperature, 
then  cooled  and  examined  using  SEM.  The  samples  heated  to  245°C  show  marked  differences.  PS4 
samples  show  cracking  of  AP  ciystals  and  decomposition  of  propellant  while  the  PSl  samples  do  not 
show  this  decomposition.  This  shows  the  importance  of  a  small  change  in  formulation,  and  the 
importance  of  gaseous  decomposition  products  for  PS4. 
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The  apparatus  is  designed  so  that  the  propellant  can  be  ignited  at  a  temperature  lower  than  the  cookoff 
temperature.  The  goal  is  to  determine  if  the  cookoff  event  is  related  to  the  temperature  sensitivity  of 
bum  rate,  or  if  other  factors  dominate.  As  shown  in  Figure  20a  and  20b,  when  the  propellants  are 
ignited  at  lower  temperatures  the  velocities  are  only  modestly  increasing  with  temperature.  However  at 
temperatures  below,  but  approaching  the  cookoff  temperature,  the  pellet  velocity  of  the  ignited  sample 
is  similar  to  that  of  the  cookoff  sample.  This  may  have  implications  if  you  want  to  reduce  the  cookoff 
violence  by  intentionally  lighting  the  propellant  before  it  cooks  off  The  propellant  may  have  to  be 
ignited  at  some  temperature  much  lower  than  the  cookoff  temperature,  and  there  is  obviously  a  trade 
off  between  igniting  at  this  lower  temperature  vs.  letting  the  sample  heat  further,  increasing  the 
violence  of  reaction  but  also  “buying  time”  to  try  to  mitigate  the  reaction.  In  another  series  of  tests 
designed  to  partially  answer  the  question  of  how  much  time  can  be  used,  the  samples  were  heated  at  a 
rate  to  a  given  temperature  and  then  held  at  that  temperature.  The  results  are  shown  in  Figure  21 
plotted  as  hold  time  after  reaching  temperature,  and  the  temperatures.  As  shown,  the  closer  to  the 
cookoff  temperature  the  shorter  time  before  the  sample  will  cook  off  anyway.  But  as  the  temperatiues 
are  lowered  the  times  increase  markedly,  until  at  some  temperature  the  reaction  takes  a  very  long  time 
to  occur,  if  at  all.  Firefighters  often  want  to  know:  “How  much  time  do  I  have  to  fight  the  fire,  given 
a  certain  temperature  of  the  propellant?”  These  are  just  examples  of  the  type  of  work  being  conducted 
in  our  laboratories  in  support  of  the  Grand  Challenge. 

The  analytical  modeling  studies  conducted  at  Sandia  and  LLNL  as  part  of  the  Grand  Challenge  are 
somewhat  different  in  their  approach,  but  both  have  shed  valuable  insight  into  the  cookoff  violence. 
Both  consider  not  only  the  energetic  material  reactions  and  state  of  the  energetic  material  and  its 
products,  but  also  consider  the  thermomechanical  effects  of  the  surrounding  confinement.  The  Sandia 
approach  is  a  multidimensional  model  coupling  thermal,  chemical  and  mechanical  response  of  reactive 
and  nonreactive  components.  In  this  model,  TREX3D  is  analysis  software  which  links  reactive  heat 
transfer  with  mechanics.  It  uses  an  operator  splitting  technique  whereby  thermal/chemical  fields  are 
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advanced  for  a  fixed  mechanics  field,  then  the  mechanics  field  is  advanced  over  the  same  time  interval 
using  the  updated  thermaiychemical  fields.  The  elements  are  the  JAS  quasi-static  finite  element 
mechanics  solver  which  feeds  stress/strain  data  to  the  COYOTE  finite  element  thermal/chemical  solver 
which  in  turn  feeds  temperature  and  fraction  of  material  decomposed  a  reactive,  elastic-plastic 
constitutive  model,  REP.  JAS  and  REP  are  coupled  to  give  equilibrated  stress  fields. This  code, 
and  its  earlier  one  dimensional  version,  has  been  used  to  model  the  behavior  of  the  NAWC  small  scale 
cookoff  bomb  with  AP  based  propellant,  the  LENT  ODTX  experiment,  the  Naval  Surface  Warfare 
Center  Variable  Confinement  Cookoff  Test,  the  French  cookoff  experiment,  a  3D  rocket  motor  with 
star  grain,  and  the  Sandia  hot  cell  experiment  of  Renlund.  The  application  of  the  model  to  Renlund’s 
hot  cell  experiment  was  used  to  improve  the  experiment-a  nice  coupling  between  analysis  and 
experiment.^^ 

LENT  uses  the  AEE  3D  code  to  describe  various  cookoff  situations.  These  modeling  capabilities 
include  thermal  diffusion  and  convection  to  transport  heat  to  the  energetic  material  in  the  weapons 
system,  temperature  based  chemical  reaction  modeling  of  the  decomposition,  and  mechanical  modeling 
of  both  the  metal  casing  and  the  unreacted  and  decomposed  energetic  material.^’  Nichols  has  applied 
the  modeling  to  describe  the  reaction  of  energetic  material  in  the  Variable  Confinement  Cookoff  Test 
developed  at  the  Naval  Surface  Warfare  Center. 

There  are  several  other  analytical  tools  available.  See  for  example,  Ref  38. 

The  NATO  Insensitive  Munitions  Information  Center  (NIMIC)  and  the  Technical  Cooperation  Panel 
(TTCP)  recently  held  a  workshop  on  cookoff  at  China  Eake.  There  were  presentations  of  current 
work  followed  by  three  “splinter  session”  working  groups.  Each  group  was  to  define  the  most 
important  issues  in  the  cookoff  area,  and  determine  what  work  needs  to  ^  done  in  the  future.  The 
following  is  a  very  brief  overview  of  these  discussions,  and  provides  a  list  of  future  cookoff 
onsiderations. 

All  three  groups  recognized  the  need  for  mechanistic  understanding  of  cookoff  and  the  capability  to 
predict  the  violence  ofreaction.  The  responses  of  the  three  groups,  and  their  emphases,  varied,  but 
there  was  much  similarity.  Part  of  their  responses  can  be  grouped  into  the  sample  +  stimuli  + 
environment  — >  response  notion  presented  at  the  beginning  of  this  paper.  Obviously,  all  of  the 
groups  were  concerned  with  the  violence  of  the  reactions  in  terms  of  metal  acceleration  (size  and  shape 
of  fragments,  fragment  velocity)  and  blast  wave  (pressure  wave  impulse,  structure  and  velocity),  and 
the  resulting  inflicted  damage. 

Samples  range  from  undamaged,  pristine  propellants  to  degraded  samples  that  have  undergone 
significant  mechanical  and  chemical  changes.  These  samples  need  to  be  described  in  terms  of: 
(1)  physical  description  of  the  sample,  both  energetic  material  and  confining  material(s)  as  they 
change  due  to  the  thermal  insult  (porosity,  specific  surface,  density,  thermal  expansion,  mechanical 
properties  such  as  stress-strain,  fracture  state/morphology).  These  data  need  to  be  as  a  function  of 
temperature,  (2)  thermal  properties,  such  as  conductivity  and  diffusivity,  of  the  solid,  gaseous 
decomposition  products  and  confining  medium,  again  as  a  function  of  temperature,  and 
(3)  thermochemical  properties  such  as  reaction  rates  (kinetic  parameters,  bum  rates)  for  the 
undamaged  and  damaged  materials,  in  various  degrees  of  confinement,  all  considered  at  temperatures 
and  pressures. 

All  three  groups  when  discussing  stimuli,  questioned  the  relevance  of  the  b'^F/hr  (3.3°C/hr)  heating  rate 
requirement.  The  groups  also  indicated  that  the  Threat  Hazard  Assessments  should  deteimine  what 
heating  rates  should  be  used  for  testing.  However  much  improvement  to  the  THA  approach  must  be 
made,  again  changes  based  on  mechanistic  understanding  of  cookoff 

Environmental  considerations  such  as  confinement  and  resulting  pressure,  and  the  complex  coupling 
with  the  reaction  of  the  sample,  must  be  understood  if  significant  progress  is  to  be  made.  It  was  also 
suggested  that  the  fire  fighting  and  user  communities  help  define  the  environmental  considerations. 
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Figure  21.  Temperature  vs.  hold  time  PS4. 


Obviously  much  work,  both  experimental  and  analytical  modeling,  is  needed,  and  these  areas  were 
extensively  discussed.  Iliere  is  a  sigmficant  need  for  standardized  bench  mark  tests.  While  one  test 
with  many  samples,  heating  rates,  variable  confinement,  etc.  would  be  desirable,  the  groups  felt  that  it 
may  be  an  illusive  goal,  and  that  probably  multiple  tests  would  be  required.  These  tests  should  have: 
known  and  controlled  boundary  conditions,  well  characterized  geometry  with  known  material 
properties,  variable  and  reliable  confinement  capacity,  and  a  complete  diagnostics  package.  This 
diagnostics  package  should  include  the  capability  to  measure:  in  situ  pressure,  in  situ  but  non¬ 
interfering  temperature,  strain,  material  state  (porosity,  surface  area),  boundary  temperatures  and 
heating  rates,  and  once  reaction  occurs,  wall  velocity,  fragment  number,  fragment  size,  and  fragment 
velocities.  Obviously  no  one  test  is  likely  to  provide  all  of  these  data. 

Such  tests  are  needed,  not  only  to  gain  mechanistic  understanding  but  also  to  serve  as  tests  for  the 
analytical  modeling. 

While  the  needs  list  is  extensive,  the  workshop  participants  thought  that  a  cooperative  effort  could 
increase  the  ability  to  achieve  the  goals  of  mechanistic  understanding  and  prediction  of  cookoff 
violence.  Hopefully  the  extension  of  the  Grand  Challenge  to  the  NIMIC/TTCP  communities  may 
provide  this  increased  cooperation. 


IN  CONCLUSION 

Much  of  this  paper  is  already  a  summary  of  work  presented  in  more  detail  in  Ref  1  and  the  other 
documents  cited  in  Ref  1.  The  attempt  here  has  been  to  provide  a  brief  introduction  and  overview  and 
hope  that  the  reader  will  turn  to  the  references  for  more  detail.  It  presents  much  work  that  has  been 
performed  at  China  Lake  in  this  area  over  the  past  couple  of  decades.  While  the  paper  presents  work 
prirnarily  performed  at  China  Lake,  it  should  be  remembered  that  we  do  not  work  in  a  vacuum.  We 
are  indebted  to  our  many  colleagues  who  have  shared  their  ideas  and  their  work. 


264 


REFERENCES 


This  is  not  a  complete  listing  of  references.  Many  investigators  were  named  as  perfonning  work 
similar  to  that  being  discussed  in  the  text,  and  it  was  suggested  that  the  reader  might  want  to  consult 
the  works  of  these  authors.  Because  of  space  limitations,  those  citations  are  not  mentioned  in  this  list 
of  references. 

1.  Boggs,  T.L.  and  Derr,  R.L.,eds.,  1990.  "Hazard  Studies  for  Solid  Propellant  Rocket  Motors,"  in 

AGARDograph  No.  316,  202  pp. 

2.  Victor,  A.  C.,  1996.  “Insensitive  Munitions  Technology  for  Tactical  Rocket  Motors,”  to  be 

published  in  AlAA  Progress  Series  Volume. 

3.  Mellor,  A.M.,  Boggs,  T.L.,  Covino,  J.,  Dickinson,  C.W.,  Dreitzler,  D.,  Thom,  L.B.,  Frey, 

R.B.  Gibson,  P.W.,  Roe,  W.E.,  Kirshenbaum,  M.,  and  Mann,  D.M.,  1988.  “Hazard  Initiation 
in  Solid  Rocket  and  Gun  Propellants  and  Explosives,  ”  Progress  in  Energy  &  Combustion 
Science,  Vol  14,  No.  3,  pp.  213-244.  (See  also  Mellor,  A.M.,  Mann,  D.M.,  Boggs,  T.L., 
Dickinson,  C.W.,  and  Roe,  W.E.,  1987.  “Hazard  Initiation  in  Energetic  Materials:  Status  of 
Technology  Assessment,”  Combustion  Science  and  Technology,  Vol.  54,  pp.  203-215.) 

4.  Boggs,  T.L.,  1991.  “Combustion  and  Safety  of  Solid  Propellant  Rocket  Motors,”  in  Combustion 

of  Solid  Propellants,  NATO  Advisory  Group  for  Aerospace  Research  and  Development, 
AGARD-LS-i80,  pp.  9/1-9/14. 

5.  Fifer,  R.A.,  1984.  “Chemistry  of  Nitrate  Ester  and  Nitramine  Propellants,”  Fundamentals  of 

Solid-Propellant  Combustion,  Progress  in  Astronautics  and  Aeronautics,  Vol.  90,  edited  by 
Kuo,  K.K.  and  Summerfield,  M.,  pp.  Ml -231. 

6.  Boggs,  T.L.,  1984.  “Thermal  Behavior  of  RDX  and  HMX,”  Fundamentals  of  Solid-Propellant 

Combustion,  Progress  in  Astronautics  and  Aeronautics ,  Vol.  90,  pp.  121-175. 

7a.  Jacobs,  P.W.M.  and  Whitehead,  H.M.,  1969.  Chemical  Reviews,  Vol.  69,  p.  551. 

7b.  Boggs,  T.L.,  Zum,  D.E.,  Cordes,  H.F.,  and  Covino,  J.,  1988.  “The  Combustion  of 

Ammonium  Perchlorate  and  Various  Inorganic  Additives,”  Journal  of  Propulsion  and  Power, 
Vol.  4,  No.  1,  pp.  27-40. 

8.  Behrens,  R.  and  Bulusu,  S.,  1995.  “Thermal  Decomposition  of  HMX:  Low  Temperature 

Reaction  Kinetics  and  their  Use  for  Assessing  Response  in  Abnormal  Thermal  Environments 
and  Implications  for  Long-term  Aging,”  presented  at  1995  Fall  Materials  Research  Society 
Meeting,  Boston,  MA. 

9.  Erickson,  K.L.,  Behrens,  R.,  Bulusu,  S.,  1992.  “Development  of  Rate  Expressions  for  the 

Thermal  Decomposition  of  RDX,”  29th  JANNAF  Combustion  Subcommittee  Meeting, 
Hampton,  VA. 

10.  Brill,  T.B.,  1995.  “Multiphase  Chemistry  Cinsiderations  at  the  Surface  of  Burning  Nitramine 

Monopropellants,”  Journal  of  Propulsion  and  Power,  Vol.  1 1  No,  4,  pp.  740-751. 

11.  Litzinger,  T.A.,  Fetherolf,  B.L.,  Lee,  Y.J.,  Tang,  C-J,  1995.  “Study  of  the  Gas-Phase 

Chemistry  of  I^X:  Experiments  and  Modeling,”  Jowrwa/  of  Propulsion  and  Power,  Vol.  11, 

No.  4,  pp.  698-703. 

12.  Boggs, T.L.,  Price,  C.F.,  and  Derr,  R.L.,  1984.  "Transient  Combustion:  An  Important 

Consideration  In  Deflagration  to  Detonation  Transition,”  Propulsion  and  Energetics  Panel 
63(A)th  Meeting,  Lisse,  Netherlands,  AGARD  Conference  Proceedings,  AGARD  CP-367,  pp. 
12-1  thru  12-2. 

13.  Boggs,  T.L.,  Atwood,  A.L,  Graham,  K.J.,  Lepie,  A.H.,  Price,  C.F.,  Richter,  H.P.,  and  Zum, 

D.E.,  1985.  "Hazards  of  Solid  Rocket  Propellants,"  Proceedings  of  the  Eastern  States 
Combustion  Institute,  Physical  and  Chemical  Processes  in  Combustion,  Philadelphia,  PA,  pp. 
Bl-12. 

14.  Boggs, T.L.,  Price,  C.F.,  Atwood,  A.L,  Zum,  D.E.,and  Derr,  R.L.,  1982.  "Role  of  Gas  Phase 

Reactions  in  Deflagration-to-Detonation  Transition,”  Seventh  Symposium  (International)  on 
Detonation,  Naval  Surface  Weapons  Center,  NSWC  MP  82-834,  pp.  216-224. 

15.  Covino,  J.,  and  Hudson,  F.E.,  19^.  “Current  Assessment  Methodology  for  Electrostatic 

Discharge  Hazards  of  Energetic  Materials,”  Jowrwu/  of  Propulsion,  Vol.  7,  No.  6,  pp.  894-903. 


265 


16.  Parr,  T.P.  and  Hanson-Parr,  D.M.,  1993.  "Solid  Propellant  Flame  Chemistry  and  Structure  ” 

Invited  paper  at  the  Third  International  Symposium  on  Special  Topics  in  Chemical  Propulsion: 
Non-Intmsive  Combustion  Diagnostics,  Schevenigen,  The  Netherlands. 

17.  Hanson-Parr,  D.M.  and  Parr,  T.P.,  1994.  "RDX  Flame  Structure,"  Twenty-Fifth  International 

Symposium  on  Combustion,  The  Combustion  Institute,  p.  1635. 

18.  Parr,  T.P.  and  Hanson-Parr,  D.M.,  1995.  "Solid  Propellant  Flame  Structure,"  Proceedings  of  the 

Materials  Research  Society  Fall  Meeting,  Symposium  on  the  Decomposition,  Combustion,  and 
Detonation  of  Energetic  Materials. 

19.  Parr,  T.P.  and  Hanson-Parr,  D.M.,  1992.  “Advanced  Diagnostic  Techniques  for  NonSteady 

Burning  of  Solid  Propellants,"  in  Progress  in  Astronautics  and  Aeronautics,  Eds.  L.  De  Luca,  E. 
Price,  and  M.  Summerfield,  Vol.  143,  pp.  261-324. 

20.  Tang,  C-J,  Lee,  Y.J.,  Kudva,  G.,  and  Litzinger,  T.A.,  1995.  “A  Study  of  the  Gasd  Phase 

Chemical  Structure  During  C02  Laser  Assisted  Combustion  of  HMX,”  1995  JANNAF 
Combustion  Subcommittee  Meeting. 

21 .  Yetter,  R.A.  and  Dryer,  FX.,  cited  in  Ref.  16. 

22.  Belyaev,  A.F .,  et  al.,  1973.  ’Transition  from  Deflagration  to  Detonation  in  Condensed  Phases,” 

translated  by  Israel  Program  for  Scientific  Translations,  Springfield,  VA,  National  Technical 
Information  Service,  (1975  translation). 

23.  Bradley,  H.H.,  Jr.,  and  Boggs,  T.L.,  1978.  “Convective  Burning  in  Propellant  Defects:  A 

Literature  Review,”  Naval  Weapons  Center,  NWC  TP  6007,  96  pp. 

24.  Kuo,  K.K.,  and  Kooker,  D.E.,  1992.  “Coupling  between  Nonsteady  Burning  and  Structural 

Mechanics  of  Solid  Propellant  Grains,”  in  Nonstready  Burning  and  Combustion  Instability  of 
Solid  Propellants,  Progress  in  Astronautics  and  Aeronautics,  Vol.  143,  pp.  465-517. 

25.  Simmons,  R.L.,  personal  communication,  14  Feb.  1996. 

26.  Bemecker,  R.R.,  “DDT  Studies  of  a  High  Ener^  Spherical  Ball  Propellant,”  Ninth  Symposium 

(International)  on  Detonation,  Office  of  the  Chief  of  Naval  Research,  OCNR  1 13291-7,  Vol.  L 
pp.  354-362. 

27.  McAfee,  J.M.,  Asay,  B.W.,  Bdzil,  J.B.,  “Deflagration-to-Detonation  in  Granular  HMX: 

Ignition,  Kinetics,  and  Shock  Formation,”  Tenth  International  Detonation  Symposium,  Office  of 
Naval  Research,  ONR  33395-12,  pp.  716-723. 

28.  Butcher,  A.G.,  Hopkins,  B.D.,  and  Robinson,  N.J.,  as  presented  in  R.  R.  Bemecker,  1984. 

"The  DDT  Process  in  High  Energy  Propellants,"  in  Hazard  Studies  for  Solid  Propellant  Rocket 
Motors,  NATO  AGARD  Conference  Proceedings,  AGARD-CP-367,  pp.  14-1  to  14-16. 

29.  Bemecker,  R.R.,  Sandusky,  H.W.,  and  Clairmont,  A.J.,  Jr.,  1982.  "Deflagration-to-Detonation 

Transition  Studies  of  Porous  Explosive  Charges  in  Plastic  Tubes,"  Seventh  Symposium 
(International)  on  Detonation,  NSWC  MP  82-334,  pp.  119-138. 

30.  Price,  C.F.  and  Boggs,  T.L.,  “Transient  Combustion  of  Solid  Propellants:  An  Important  Aspect 

of  Deflagration-to-Detonation  Transition”,  in  Nonsteady  Burning  and  Combustion  Stability  of 
Solid  Propellants,  Vol.  143,  pp.  441-464.  (See  also  Price,  C.F.,  Atwood,  A.I.,  and  Boggs, 

T.L.  "An  Improved  Model  of  the  Deflagration-to-  Detonation  Transition  in  Porous  Beds,"  The 
Ninth  Symposium  (International)  on  Detonation,  pp.  363-376.) 

31.  Green,  L.G.,  James,  E.,  Lee,  E.L.,  Chambers,  E.S.,  Tarver,  C.M.,  Westmoreland,  C.,  Weston, 

A.M.,  Brown,  B.,  1982.  “Delayed  Detonation  in  Propellants  from  Low  Velocity  Impact,” 

Seventh  Symposium  (International)  on  Detonation,  NSWC  MP  82-334,  pp.  256-264. 

32.  Keefe,  R.,  “Delayed  Detonation  in  Card  Gap  Tests,”  Seventh  Symposium  (International)  on 

Detonation,  pp.  265-272. 

33.  Nouguez,  B.,  Berger,  H.,  Gondouin,  B.,  and  Brunet,  J.,  1989.  "An  Odd  Bore  Effect  on  Bullet 

Induced  Detonation  of  High  Energy  Propellant  Grains,"  American  Defense  Preparedness 
Association  Symposium  on  Compatibility  of  Plastics  and  Other  Materials  with  Explosives, 
Propellants  and  Pyrotechnics. 

34.  Beauregard,  R.  “Insensitive  Munitions- Are  They  Worth  the  Cost?” 

35.  Hobbs,  M.L.,  and  Baer,  M.R.,  1995.  “Multidimensional  Fully-Coupled 

Thermal/Chemical/Mechanical  Response  of  Reactive  Materials,”  1995  JANNAF  Propulsion 
Systems  Hazards  Subcommittee  Meeting. 


266 


36.  Renlund,  A.M.,  Miller,  J.C.,  Hobbs,  M.L.,  and  Baer,  M.R.,  1995.  ‘‘Experimental  and 

Analytical  Characterization  of  Thermally  Degraded  Energetic  Materials,”  1995  JANNAF 
Propulsion  Systems  Hazards  Subcommittee  Meeting, 

37.  Nichols,  A.L.  Ill,  1995.  “Coupled  Thermal/Chemical/Mechanical  Modeling  of  Insensitive 

Explosives  in  Thermal  Environments,”  1995  APS  Topical  Conference  on  Shock  Compression  of 
Condensed  Matter. 

38.  Victor,  A.C.,  1996.  “Simple  Calculation  Methods  for  Munitions  Cookoff  Times  and 

Temperatures,”  accepted  for  publication  in  Propellants,  Explosives,  and  Pyrotechnics.  (See 
also,  Victor,  A.C.,  1994.  “Exploring  Cookoff  Mysteries,”  1994  JANNAF  Propulsions  Systems 
Hazards  Subcommittee.) 


267 


ATOMIC  FORCE  MICROSCOPY  OF  HOT  SPOTS  IN  RDX  AND  AP  CRYSTALS 


J.  Sharma^  and  C.S.  Coffey^ 

1  Naval  Surface  Warfare  Center,  Carderock  Division,  West  Bethesda,  MD  20817  USA; 

2  Naval  Surface  Warfare  Center,  Indian  Head  Division,  Indian  Head,  MD  20640  USA. 


ABSTRACT:  An  atomic  force  microscope  has  been  used  to  reveal  the  structure  of  residual  sub¬ 
micron  size  reaction  sites  in  drop  weight  impacted  RDX  and  in  laser  heated  AP  crystals.  Tlie 
smallest  reaction  sites  in  impacted  RDX  were  hemispherical  craters  of  20-300  nm  size.  On  a 
somewhat  larger  scale,  hillocks  of  200-1000  nm  were  observed,  their  shape  giving  evidence  of 
internal  reaction  and  ballooning.  At  some  sites  large  (1000-3000  nm)  volcano-like  hot  spots  from 
which  gases  had  escaped  and  where  melting  had  taken  place,  were  observed.  Even  a  mild  impact 
disrupts  the  periodicity  of  the  RDX  lattice,  the  molecules  get  displaced  from  their  normal  sites  by 
as  much  as  20  %  and  sometimes  get  re-oriented.  In  AP,  laser  heating  produced  cracks  and  also 
trumpet  shaped  50-200  nm  craters,  most  of  which  supported  a  crystallographically  oriented  square 
lid  on  top  of  them,  formed  from  the  wellknown  orthorhombic  to  cubic(rocksalt)  phase  transition  at 
240^  C. 


INTRODUCTION 

In  order  to  explain  the  easy  ignition  of  explosives  by  different  stimuli,  Bowden  and  Yoffe  [1] 
invoked  the  idea  of  hot  spots.  They  proposed  that  no  matter  how  energy  is  supplied  to  an  explosive, 
it  gets  localized  in  small  reaction  sites(  0.1-10  microns),  which  may  develop  into  hot  spots  capable 
of  causing  the  whole  explosive  to  go  off.  It  is  believed  that  the  reaction  sites  grow  from  crystal 
defects  which  are  even  smaller.  Since  these  defects  are  believed  to  control  the  sensitivity  of  the 
explosive  and  play  important  role  in  the  ignition  process,  it  is  important  to  know  their  structure  and 
to  understand  how  they  grow.  So  far,  the  specific  defects  critical  to  the  sensitivity  of  an  explosive 
have  not  been  identified  and  simple  facts  such  as  batch  to  batch  variation  in  sensitivity  has  escaped 
explanation.  The  smallness  of  the  reaction  sites  has  prevented  us  from  knowing  their  structure.  The 
advent  of  the  Atomic  Force  Microscope  (AFM),  which  can  see  even  atoms,  has  removed  this  obstacle 
and  has  opened  up  the  possibility  of  following  the  growth  of  hot  spots  from  their  smallest  size  and 
earliest  stage. 

In  the  present  work  an  atomic  force  microscope  (AFM)  has  been  used  to  reveal  residual  sub-micron 
size  reaction  sites  and  hot  spots  inmpacted  RDX  and  in  laser  heated  AP.  Crystals  of  RDX  have  been 
impacted  in  a  drop  test  machine  and  the  resulting  reaction  sites  in  them  have  been  studied.  Starting 
from  the  general  disorder  and  dislocations  created  in  die  lattice  at  molecular  level  by  mild  impact, 
various  kinds  of  reaction  sites  including  the  development  of  large  (2-3  micron  size)  volcano-like  hot 
spots  have  been  followed.  Micro  Munroe  jets  (10  microns  in  length),  which  were  so  far  considered 
as  mere  speculations,  have  for  the  first  time  been  observed  [2].  Dislocation  densities  of  10^^  cm'^ 
have  been  seen,  and  it  has  been  found  that  the  lattice  gets  severely  disrupted  at  an  impact  level  much 
below  that  of  reaction,  by  displacements  of  the  molecules  from  their  regular  positions.  The 
molecules  get  displaced  randomly  by  20  %  of  their  molecular  distances,  in  all  directions.  In  the 
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ensuing  rearrangement  some  of  the  molecules  get  also  re-oriented.  The  AFM  results  bring  out  the 
point  that  the  RDX  lattice  is  a  molecular  lattice,  and  it  behaves  like  one.  The  ideas  of  dislocations 
based  on  atomic  lattices  may  have  to  be  revised  for  the  case  of  molecular  crystals. 

The  smallest  reaction  sites  observed  in  RDX  were  hemispherical  craters,  20  nm  in  diameter 
comprising  of  roughly  10,000  molecules.  These  might  represent  the  smallest  hot  spots  possible. 
Reaction  hillocks  with  bumps  as  on  a  custard  apple  have  been  seen  roughly  in  the  200-1000  nm  size. 
They  may  be  arising  from  reaction  taking  place  in  the  interior,  leading  to  melting  and  ballooning. 
Finally  volcano-like  large  reaction  sites  which  emitted  out  gaseous  products  have  been  seen. 
Evidence  of  melting  and  decomposition,  producing  sponge-like  RDX  particles,  has  also  been  seen 
in  severely  affected  areas. 

In  the  case  of  AP  crystals,  laser  action  produced  trumpet-shaped  craters  typically  of  100-200  nm  size, 
as  mentioned  in  Reference  [3].  Most  of  them  were  crowned  with  square  blocks  or  lids  perched  on 
the  top,  sticking  higher  than  the  crystal  surface  and  all  oriented  in  the  same  direction.  In  the  region 
of  higher  action,  the  cubic  blocks  got  eroded  and  became  conical  in  appearance,  leaving  in  some 
cases  a  crater  with  square  cross-section.  One  micron  wide  cracks,  produced  due  to  the  heating  of 
the  laser,  were  found  to  follow  the  orthorhombic  directions  of  the  original  crystal. 


EXPERIMENTAL 

Sugar-like  crystals  of  RDX,  50-300  microns  in  size,  were  sandwiched  between  sheets  of  heat 
sensitive  film  or  between  cleaved  sheets  of  mica.  A  10  KG  weight  was  dropped  in  the  BIC  machine 
of  C.S.  Coffey  [4],  from  a  chosen  height  (ranging  between  20-150  cm)  and  the  samples  were  picked 
up  at  different  distances  from  the  center  of  the  impact  pattern.  Both  "go"  and  "no  go"  samples  were 
investigated.  For  the  study  in  ammonium  perchlorate  (AP),  a  single  crystal  was  irradiated  on  (001) 
crystal  plane  with  a  8  ns  pulse  from  a  Nd/Yag  laser  (1064  nm  in  wavelength)  with  a  0.25  J  of  energy 
focussed  over  an  area  of  2  mm  diameter.  The  deposited  energy  was  sufficient  to  cause  large  scale 
cracking  and  the  formation  of  a  crater.  A  Digital  Instruments  Nanoscope  11,  Scanning  Probe 
Microscope  was  used  in  the  present  work.  The  measurements  were  carried  out  in  air  at  room 
temperature  using  a  100  micron  cantilever  with  an  oxygen  sharpened  silicon  nitride  tip  hopefully  only 
tens  of  Angstroms  wide  at  the  point  of  contact  with  the  sample.  The  cantilever  was  used  in  height 
mode  and  rather  a  high  force  of  lO'^-lO  '^N  was  used  to  obtain  the  images. 


RESULTS  AND  DISCUSSION 

The  present  study  has  shown  that  RDX  shows  molecular  disarrays  even  when  it  is  mildly  impacted. 
Figure  1  is  an  image  of  a  control  RDX  crystal  showing  molecules  arranged  in  regular  arrays,  each 
white  spot  representing  a  molecule.  (RDX  crystals  proved  to  be  very  soft  and  tend  to  have  secondary 
growth,  therefore  large  area  image  with  perfect  periodicity  could  not  be  obtained.)  Figures  2,3  and 
4  are  images  of  very  mildly  impacted  RDX  (23  cm  drop  height),  showing  that  the  rigid  periodicity 
of  the  lattice  surface  is  disrupted  at  many  places.  Although  the  overall  periodic  arrangement  is 
maintained,  wiggles  in  the  lines  are  seen.  If  a  wiggle  is  an  evidence  of  a  dislocations,  then 
dislocation  density  of  10^^  cm'^  is  apparent.  Figure  5  is  a  lineplot  of  the  control  crystal  emphasizing 
the  periodicity  in  a  clear  way.  Compared  to  that,  Figure  6  shows  the  effect  of  mild  impact.  The 
image  of  Figure  6  shows  clearly  the  violations  of  periodicity.  In  the  disarray  (Figure  6),  the 
molecules  get  displaced  from  their  regular  sites  by  as  much  as  20  %.  This  displacement  has  been 
found  to  be  in  the  x-y  plane  as  well  as  in  the  z-plane  which  is  evident  from  the  sinking  and  lifting 
up  of  the  molecules  from  their  regular  sites.  It  appears  that  some  bunching  takes  place  in  these 
displacements.  The  displacements  of  individual  molecules  gives  the  message  that  RDX  is  a 


269 


Figure  1.  (Left)  An  AFM  image  of  the  surface  of  a  control  crystal  of  RDX,  probably  ((X)l)  plane, 
showing  the  periodic  arrangement  of  the  molecules,  each  white  blc^  representing  a  molecule. 

Figure  2.  (Right)  An  AFM  image  of  mildly  impacted  RDX  showing  molecular  disarrays  and  jogs. 
The  surface  does  not  terminate  in  a  crystal  plane.  Some  of  the  molecules  are  lifted  up,  while  some 
are  sunk-in.  Near  the  bottom  left,  a  few  rows  show  formation  of  Y’s,  representing  dislocations. 


Figure  3.  (Left)  An  AFM  image  of  mildly  impacted  RDX  showing  molecules  at  different  heights 
and  forming  incomplete  rows. 

Figure  4.  (Right)  An  AFM  image  of  mildly  impacted  RDX  showing  jogs  and  irregularities  in  rows 
of  molecules,  as  evidence  of  dislocations. 


Figure  6.  A  magnified  line  plot  of  impacted  RDX,  showing  clearly  the  irregularities  produced  in  the 
molecular  arrangement.  The  molecules  show  displacements  in  x,y  and  z-directions  away  from  their 
expected  positions.  Some  of  them  appear  to  have  rotated  into  new  orientations. 


molecular  solid  in  which  the  molecule  as  an  entity  can  seek  new  positional  equilibria,  after  the  lattice 
has  been  effected  by  the  impact.  Figures  2,  3,  and  4  show  that  the  molecules  can  form  incomplete 
rows  and  layers  with  various  kinds  of  imperfections  in  them.  In  the  bottom  part  of  Figure  4,  a  few 
Y’s  can  be  seen  which  can  be  direct  evidences  of  dislocations. 

From  the  shape  of  the  individual  bumps  in  Figure  6,  it  is  also  obvious  that  some  of  the  molecules 
are  re-oriented.  In  other  words,  the  molecular  displacements  are  accompanied  with  molecular  re¬ 
orientations,  for  some  of  the  molecules.  To  explain  the  re-orientation  one  can  imagine  that  the 
violation  of  rigid  periodicity  can  give  larger  volume  to  some  molecules  which  can  re-orient 
themselves.  Another  attractive  explanation  that  can  be  suggested  is  that  some  of  the  molecules  are 
chemically  changed  from  the  mild  impact.  According  to  the  findings  of  Behrens  and  Bulusu  [5]  and 
those  of  Sharma  et  al  [6]  and  Hoffsommer  et  al  [7],  the  nitroso  derivatives  could  be  produced.  ITiese 
molecules  will  be  smaller  than  RDX  molecules  from  the  loss  of  oxygen  atoms  in  the  nitro  groups, 
so  that  they  can  easily  re-orient  themselves.  The  AFM  is  blind  to  chemical  changes  but  may  show 
differences  based  on  the  size  of  the  molecules. 

AFM  images  of  particles  picked  up  from  different  parts  of  the  impact  pattern  have  revealed  that  in 
the  center  area  the  primary  effect  of  the  impact  is  crushing  of  the  crystallites  from  the  original  50- 
300  micron  size  to  a  few  micron  size.  TTie  powder  still  retains  its  crystal  shape  as  shown  in  Figure 
7.  However,  the  particles  after  being  driven  out  radially,  get  changed  in  external  morphology,  they 
become  like  pebbles  (Figure  8)  and  furthermore,  the  ratio  of  the  height  to  lateral  size  decreases  by 
an  order  of  magnitude  as  they  reach  the  end  of  their  radial  tracks.  The  top  surface  of  the  pebbles 
end  in  a  molecularly  rough  surface,  not  in  a  flat  crystal  face.  The  pebble  like  appearance  may  be 
the  result  of  friction,  deformation  and  also  sublimation.  As  mentioned  by  Coffey  and  Jacobs  [8],  it 
is  at  the  end  of  the  tracks  that  reaction  is  generally  initiated.  In  the  present  set  of  experiments  it  has 
been  noticed  that  if  the  drop  height  is  large,  the  action  can  start  at  a  relatively  smaller  distance  from 
the  central  area  but  it  starts  farther  away  if  the  drop  height  is  small.  In  the  areas  where  action  takes 
place,  various  kinds  of  reaction  sites  have  been  observed  with  the  help  of  the  AFM.  Volcano-like 
large  craters  (200-1000  nm)  with  holes  in  diem,  from  which  reaction  products  in  the  form  of  gases 
have  escaped,  have  been  seen.  Evidence  of  melting  and  liquid  splattering  is  clear.  At  some  places 
spongy  masses  of  RDX  (Figure  9),  made  so  from  gases  escaping,  have  also  been  observed.  Since 
the  decomposition  temperature  of  RDX  is  quite  close  to  the  melting  point,  this  is  not  surprising. 
These  images  make  the  point  that  major  action  in  RDX,  during  thermal  ignition,  takes  place  in  the 
molten  state.  At  other  places,  closer  to  the  center  of  the  impact  pattern,  reaction  sites  in  the  shape 
of  ballooned  hillocks  were  seen  (Figure  10).  This  is  evidence  of  internal  reaction  and  the  bumpy 
appearance  of  the  hills  again  supports  the  point  that  melting  has  taken  place.  Attempts  were  made 
to  scrape  the  top  of  the  hills  to  see  if  diey  are  hollow,  so  far  the  attempts  have  not  succeeded.  At 
some  places  in  the  sample  picked  up  from  the  "go”  experiments,  very  small  reaction  sites  in  the  form 
of  hemispherical  craters  have  been  observed  as  shown  in  Figure  11.  They  ranged  in  diameter  from 
20  to  100  nm,  roughly.  The  20  nm  crater  represents  the  smallest  site  seen  so  far,  produced  by  the 
loss  of  approximately  10,000  molecules  from  the  hemisphere.  It  would  be  interesting  to  pose  the 
question  whether  this  represents  the  lowest  limit  for  the  formation  of  a  hot  spot  in  an  explosive. 
Since  action  in  explosives  always  starts  at  hot  spots,  the  question  of  the  smallest  possible  hot  spot, 
below  which  the  lattice  dissipates  away  the  energy  without  any  action,  has  often  been  raised  [see 
Boddington  [9]].  This  argument  has  been  used  to  explain  why  explosives  on  the  shelf,  are  not 
initiated  by  highly  energetic  cosmic  rays  or  background  nuclear  radiations  [10].  It  is  believed  that 
the  size  of  a  viable  hot  spot  has  to  be  larger  than  a  critical  size.  The  smallest  size  of  20  nm 
diameter,  found  in  the  present  measurements,  agrees  well  with  the  calculations  of  Armstrong  et  al 
[11]  who  came  out  with  the  number  3,500  molecules  per  molecular  plane,  for  the  smallest  hot  spot 
in  RDX,  with  40  ns  as  a  characteristic  time. 

In  the  case  of  laser  heated  ammonium  perchlorate  (AP),  the  effect  seems  to  be  controlled  and 
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Figure  7.  (Left)  An  AFM  image  of  a  crushed  RDX  particle  from  the  central  part  of  the  impact 
pattern,  retaining  some  semblance  of  crystal  appearance. 

Figure  8.  (Right)  An  AFM  image  of  particles  of  RDX  picked  up  from  near  the  outer  tip  of  the  radial 
impact  pattern,  showing  the  formation  of  pebbles,  due  to  the  action  of  friction,  deformation  and 
probably  also  sublimation. 


Figure  9.  An  AFM  image  from  the  outer  radial  area  of  an  impact  pattern  where  reaction  took  place, 
giving  evidence  of  melting  and  gaseous  decomposition  of  RDX. 
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Figure  10.  An  AFM  image  of  impacted  RDX  showing  the  formation  of  ballooned  hillocks,  observed 
in  some  areas.  The  irregular  shape  of  the  hillocks  indicates  non-uniformity  of  reaction  even  inside 
one  hillock. 


Figure  11.  The  hemispherical  craters  shown,  from  which  the  material  has  disappeared,  represent 
smaller  of  the  reaction  sites  seen  so  far.  The  smallest  crater  observed  was  approximately  20  nm  in 
diameter,  representing  perhaps  the  smallest  hot  spot  in  RDX,  produced  by  the  loss  of  approximately 
10,000  molecules. 
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Figure  12.  (Left)  Laser  produced  reaction  sites  on  the  surface  of  an  ammonium  perchlorate  (AP) 
crystal,  as  tiny  white  specks  and  craters.  A  crack  which  is  approximately  a  micron  wide,  follows  the 
orthorhombic  direction  of  the  crystal  and  has  ragged  banks. 

Figure  13.  (Right)  Magnification  of  the  image  of  Figure  12,  shows  that  the  white  specks  are  square 
blocks  perched  on  top  of  trumpet  shaped  craters.  The  square  blocks  give  evidence  of  phase  transition 
into  cubic  (rocksalt)  structure,  known  to  take  place  in  AP  at  240  C.  The  square  blocks  are  lined  up 
in  the  same  direction,  indicating  that  the  original  crystal  surface  must  be  playing  important  role  in 
the  phase  transformation. 


Figure  14.  (Left)  Further  magnification  of  the  square  block  shows  that  the  crystal  surface  around  it 
develops  a  square  depression  and  the  top  of  the  square  block  is  higher  (brighter)  than  the  surrounding 
surface  of  the  original  crystal. 

Figure  15.  (Right)  In  the  area  of  more  intense  action  of  the  laser,  the  square  blocks  get  eroded  into 
conical  shapes,  leaving  behind  square  holes,  in  many  cases. 
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dominated  by  the  wellknown  crystallographic  phase  transformation  from  orthorhombic  to  cubic 
(rocksalt)  phase  that  takes  place  at  240°  C.  As  a  result  of  laser  irradiation  very  large  number  of 
reaction  sites  showed  up  as  tiny  specks,  as  seen  in  Figure  12.  Magnification  showed  that  each  speck 
actually  consists  of  a  squarish  crater  housing  a  square  lid  or  block  on  top  of  it  (Figure  13),  The 
square  lids  or  blocks  are  roughly  70-100  nm  on  each  side  and  about  50  nm  high,  each  perched  on 
a  crater,  as  seen  in  Figures  13  and  14.  Sometimes  the  lid  is  found  to  have  moved  out  of  the  crater, 
resting  on  the  surface  of  the  original  crystal,  not  far  from  the  crater,  as  seen  in  Figure  13.  TTie 
square  lids  were  found  to  be  all  oriented  in  the  same  direction  (Figure  13),  indicating  that  their 
growth  is  controlled  by  the  original  crystal  direction.  The  area  near  the  square  blocks  seemed  eroded 
and  it  sometimes  showed  a  square  depression.  The  top  surface  of  the  block  sticks  out  slightly  higher 
than  the  general  surface  of  the  crystal.  The  square  shape  of  the  blocks  is  an  evidence  of  phase 
transition  into  the  cubic  form.  Boggs  and  Kraeutle  [12],  reported  the  formation  of  the  square  and 
rectangular  holes  on  the  surface  of  thermally  decomposed  AP.  Since  they  used  a  scanning  electron 
microscope  in  their  study,  they  could  see  the  holes  after  die  holes  had  grown  to  larger  than  microns 
size.  It  is  likely  that  the  sub-micron  size  craters  with  square  blocks,  reported  in  this  paper,  seen 
through  the  atomic  force  microscope,  are  precursors  of  the  large  rectangular  holes  reported  by  Boggs 
and  Kraeutle  [12]. 

The  heating  of  the  laser  caused  cracks  to  develop  (as  seen  in  Figure  12),  which  were  found  to  be 
roughly  one  micron  thick  and  which  followed  the  orthorhombic  directions  of  the  original  crystal. 
The  sides  of  the  cracks  showed  right  angle  steps  and  inside  the  cracks  many  square  blocks  could  be 
seen.  From  these  images  it  is  clear  that  the  phase  transition  of  AP  is  playing  important  role.  It 
seems  that  in  the  area  of  intense  heat,  the  square  blocks  got  changed  into  conical  shape,  as  seen  in 
Figure  15,  due  to  their  erosion  and  decomposition. 


CONCLUSIONS 

It  can  be  said  that  the  application  of  AFM  has  given  some  valuable  information  about  the  formation 
of  hot  spots,  and  reaction  sites  in  the  nm  size  range,  showing  their  earlier  stages  of  development. 
It  has  shown  that  in  RDX  even  mild  impact  causes  die  molecular  arrays  of  the  lattice  to  be  disrupted. 
Displacements  of  the  molecules  are  large  and  are  sometimes  associated  with  re-orientation  of  the 
molecules.  This  should  be  taken  into  consideration  in  future  modelling,  not  only  of  explosives  but 
also  for  molecular  crystals  in  general.  The  smallest  reaction  site  to  date  is  about  20  nm  in  size  and 
comprises  roughly  10,000  molecules.  Larger  reaction  sites  in  the  form  of  ballooned  hillocks  and 
volcanoes  result  from  more  intense  action  in  the  peripheral  area  of  die  impact  pattern.  Evidence  of 
melting  is  frequent.  In  the  laser  heated  AP,  the  orthorhombic  to  cubic  phase  transition  seems  to  play 
important  role  in  the  thermal  damage. 
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ABSTRACT;  A  summary  of  the  thermal  decomposition  behaviors  of  HMX  RDX  and  1- 
nitroso-3,5-dinitro-s-tria2ine  (ONDNTA)  as  determined  from  simultaneous  thermogravimetric 
modulated  beam  mass  spectrometry  (STMBMS)  measurements  is  presented.  A  qualitative  model  of 
the  physical  and  chemical  processes  that  control  decomposition  of  HMX  in  the  solid  phase,  based  on 
results  from  all  three  compounds,  is  described.  Its  implications  for  the  response  of  systems  containing 
these  materials  to  abnormal  thermal  environments,  such  as  fire,  is  discussed. 


INTRODUCTION 

Cyclic  nitramines,  such  as  RDX  (I)  and  HMX  (E),  are  high  energy  containing  compounds  that  are 
used  extensively  in  both  propellant  and  explosive  formulations.  These  fonnulations  are  found  in 
devices  ranging  from  rocket  motors  to  explosives.  Typically,  these  devices  are  not  used  for  long 
periods  of  time  after  they  are  initially  manufactured  and  in  many  cases  they  are  destroyed  or  recycled 
before  ever  being  used.  During  the  life  of  these  devices,  they  are  transported  and  stored  in  different 
environments.  It  is  important  that  these  devices  remain  safe  throughout  this  life  cycle.  To  assess  the 
safety  of  these  devices  during  the  life  cycle,  it  is  necessary  to  understand  how  they  will  respond  to  their 
environment.  In  this  regard,  two  main  areas  are  of  interest.  First,  how  will  the  device  respond  in  an 
abnormal  environment,  such  as  a  fire?  Second,  what  effect  does  aging  in  the  various  environments 
have  on  the  properties  and  behavior  of  the  device?  For  example,  does  the  thermal,  impact,  or  shock 
sensitivity  increase  with  age?  To  address  these  issues  from  a  scientific  point  of  view  requires  an 
increased  understanding  of  the  chemical  and  physical  processes  that  occur  in  the  energetic  materials 
found  in  these  devices. 


Recent  efforts  to  develop  models,  that  will 
describe  the  response  of  a  munition  in  a  "slow- 
cookoff  situation,  associated  with  a  fire, 
strive  to  use  a  fundamental  understanding  of 
the  chemical  and  physical  processes  that  occur 
in  energetic  materials  to  predict  the  time  to 
ignition  of  the  event  and  the  degree  of  violence 
after  ignition.*  Significant  success  has  been 
obtained  in  predicting  the  time  to  ignition  but 
less  success  has  been  achieved  in  predicting 
the  degree  of  violence.  The  degree  of  violence 
may  be  characterized  by  relatively  benign 
event,  such  as  a  deflagration,  or  a  more  serious 
event,  characterized  by  an  explosion  or 
detonation.  The  success  achieved  in  modeling 
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the  time  to  ignition  arises,  in  part,  from  the  empirical  characterization  of  one-dimensional  time-to- 
explosion  data  collected  on  various  energetic  materials.^  However,  predicting  the  degree  of  violence  of 
the  event  requires  a  more  in  depth  understanding  of  the  processes  that  control  the  reaction  of  the 
material  after  ignition.  The  degree  of  violence  of  this  event  will  be  controlled  by  the  combustion 
process  and  the  interaction  of  the  combustion  process  with  the  extent  of  confinement  of  the  reacting 
material.  For  example,  with  higher  degrees  of  confinement  the  pressure  at  which  the  combustion 
occurs  will  be  higher,  and  thus,  the  bum  rates  should  be  higher. 

Measurement  of  the  pressure  dependence  of  bum  rates  of  energetic  materials  associated  with 
propellants  has  been  done  extensively  in  pressure  ranges  associated  with  both  rocket  motors  and  guns. 
Modeling  these  processes  in  an  empirical  fashion  has  been  quite  successful  and  more  recent  modeling 
on  a  molecular  level  in  the  gas  phase  and  to  a  lesser  extent  in  the  condensed  phase  have  had  good 
success.  However,  little  work  has  been  done  on  bum  rates  under  highly  confined  conditions,  although 
several  recent  measurements  have  been  made  on  bum  rates  of  energetic  materials  between  200  and  400 
MPa.' 

Characterizing  the  response  of  a  munition  in  a  "slow-cookoff  ’  situation  poses  a  more  difficult 
problem  than  that  associated  with  the  confined  combustion  problem.  This  increased  difficulty  is  due  to 
the  degradation  of  the  material  prior  to  ignition.  This  degradation  process  can  lead  to  the  formation  of 
both  gaseous  and  condensed  phase  products  that  are  not  present  under  normal  conditions.  As  these 
products  are  produced  in  the  decomposition  process,  they  may  lead  to  the  formation  of  bubbles  and 
pores  within  the  energetic  material  or  possibly  form  solutions  between  the  normal  material  and  its 
decomposition  products.  Basically  this  changes  the  physical  and  chemical  characteristics  of  the  bed  of 
energetic  material.  The  extent  of  change  of  the  chemical  and  physical  properties  is  dependent  on  both 
time  and  the  temperature  field  within  the  material  prior  to  ignition. 

Therefore,  developing  models  for  predicting  the  response  of  a  munition  in  a  "slow-cookoff 
situation,  or  even  developing  experiments  to  characterize  the  combustion  process  requires  a  good 
understanding  of  the  decomposition  process.  Ultimately,  one  should  understand  both  the  chemical  and 
physical  changes  that  occur  in  the  materials,  where  they  occur  within  the  materials  and  how  fast  they 
occur.  In  this  paper  we  address  the  decomposition  chemistry  associated  with  two  materials  used 
extensively  in  propellants  and  explosives,  RDX  and  HMX. 

Over  the  past  ten  years  we  have  conducted  extensive  thermal  decomposition  studies  on  HMX^’^ 
and  RDX^*^  and  several  less  extensive  studies  on  other  cyclic  nitramines  having  five-,  six-  and  seven- 
member  rings.  In  all  of  these  studies  we  have  found  that  the  mononitroso  analogue  (e.g.,  ONDNTA 
(III)  and  ONTNTA  (TV)  for  RDX  and  HMX,  respectively)  of  the  parent  compound  is  formed  in  the 
decomposition  process.  The  identity  and  relative  amounts  of  the  gaseous  decomposition  products 
(i.e.,  NO2,  HCN,  N2O,  CH2O,  NO,  H2O,  CO)  depends  on  whether  these  products  are  formed 
directly  from  the  cyclic  nitramine  or  through  the  mononitroso  intermediate.  We  have  also  found  that 
the  mononitroso  intermediate  plays  a  significant  role  in  the  decomposition  of  HMX  and  RDX  in  the 
solid  phase.  As  a  consequence  of  our  findings  on  the  decomposition  of  HMX  and  RDX,  we  have 
undertaken  a  study  of  the  decomposition  of  the  independently  synthesized  mononitroso  analogue  of 
RDX,  ONDNTA.' 

From  our  STMBMS  measurements  on  ONDNTA,  we  have  found  that  its  decomposition  is  quite 
complex.  It  decomposes  in  two  different  temperature  regimes  and  its  decomposition  rate  and 
mechanism  are  very  sensitive  to  the  extent  of  interaction  between  ONDNTA  and  its  decomposition 
products.  The  higher  temperature  decomposition  regime  commences  at  approximately  170  C,  the 
melting  point  of  ONDNTA  and  is  autocatalytic  in  nature.  The  lower  temperature  regime  occurs  up  to  ~ 
140  C  and  the  extent  of  decomposition  in  this  regime  is  very  sensitive  to  interaction  with  product 
gases. 

The  highlights  of  our  experiments  that  led  to  our  current  understanding  of  the  decomposition 
mechanisms  of  RDX  and  HMX  along  with  implications  for  possible  changes  in  the  sensitivity  of  RDX 
and  HMX  will  be  discussed  in  this  paper. 
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EXPERIMENTAL 


Instrument  Description 

The  STMBMS  apparatus  and  basic  data  analysis  procedure  have  been  described  previouslyJ^ 
This  instrument  allows  the  concentration  and  rate  of  formation  of  each  gas-phase  species  in  a  reaction 
cell  to  be  measured  as  a  function  of  time  by  correlating  the  ion  signals  at  different  m/z  values  measured 
with  a  mass  spectrometer  with  the  force  measured  by  a  microbalance  at  any  instant.  In  the  experimental 
procedure,  a  small  sample  (~10  mg)  is  placed  in  an  alumina  reaction  cell  that  is  then  mounted  on  a 
thermocouple  probe  that  is  seated  in  a  microbalance.  The  reaction  cell  is  enclosed  in  a  high  vacuum 
environment  (  <  10“^  torr)  and  is  radiatively  heated  by  a  bifilar- wound  tungsten  wire  on  an  alumina 
tube.  The  molecules  from  the  gaseous  mixture  in  the  reaction  cell  exit  through  a  small  diameter  orifice 
(2.5  to  970ji  in  these  experiments,  orifice  length  is  25p.)  in  the  cap  of  the  reaction  cell,  traverse  two 
beam-defining  orifices  before  entering  the  electron-bombardment  ionizer  of  the  mass  spectrometer 
where  the  ions  are  created  by  collisions  of  20  eV  electrons  with  the  different  molecules  in  the  gas  flow. 
A  relatively  low  electron  energy  of  20  eV  (compared  to  70  eV  used  on  normal  mass  spectrometry 
measurements)  is  used  to  reduce  die  extent  of  fragmentation  of  the  higher  molecular  weight  ions  and 
thus,  limit  their  contribution  to  ion  signals  measured  at  lower  ra/z  values  that  are  associated  with  the 
thermal  decomposition  products.  The  background  pressures  in  the  vacuum  chambers  ^e  sufficiently 
low  to  eliminate  significant  scattering  between  molecules  from  the  reaction  cell  and  background 
molecules  in  the  vacuum  chambers.  The  different  m/z- value  ions  are  selected  with  a  quadrupole  mass 
filter  and  counted  with  an  ion  counter.  The  gas  flow  is  modulated  with  a  chopping  wheel  and  only  the 
modulated  ion  signal  is  recorded.  The  containment  time  of  gas  in  the  reaction  cell  is  a  function  of  the 
orifice  area,  the  free  volume  within  the  reaction  cell,  and  the  characteristics  of  the  flow  of  gas  through 
the  orifice.  The  reaction  cell  used  in  the  experiments  has  been  described  previously ,*7  and  the  cap  in  the 
reaction  cell  is  now  sealed  using  vacuum  grease  and  an  o-ring  between  the  taper  plug  and  the  gold  foil 
pinhole  orifice.  The  time  constant  for  exhausting  gas  from  the  cell  is  small  compared  to  die  duration  of 
the  experiments  (  >-1000  sec).  Note  that  the  containment  time  of  gas  within  the  reaction  cell  is  short 
once  the  gas  molecules  are  in  the  free  volume  of  the  cell,  but  it  may  be  much  longer  if  the  gas  is  trapped 
in  the  condensed-phase  of  the  material  within  the  cell.  The  pressure  of  the  gas  products  widiin  the 
reaction  cell  range  from  less  that  1  torr  for  experiments  with  the  larger  diameter  orifices  (970|x)  to 
greater  than  1000  torr  for  experiments  with  the  smallest  diameter  orifices  (2.5p.). 


Sample  Preparation 

The  syntheses  of  RDX(I),  HMX(n)  and  their  isotopic  analogues  were  described  in  previous 
papers^'^.  ONDNTA  (III)  and  deuterium  labeled,  ONDNTA-d^,  which  are  intermediates  in  the 
decomposition  of  RDX  and  RDX-de  respectively,  were  prepared  according  to  previously  known 
methods'^  starting  with  the  coiresponding  hcxahydro-l,3,5-trinitroso-s-triazine  analogue.  The 
deuterated  version  of  the  hexahydro-l,3,5-trinitroso-s-triazine  was  prepared  by  the  base  catalyzed 
deuterium  exchange  method  described  in  an  earlier  paper^.  The  ONDNTA  samples  were  characterized 
by  NMR  and  IR  measurements  and  their  mass  spectra  indicated  a  purity  greater  than  99%  with  -0.25% 
RDX  contamination.  The  samples  melt  between  165  and  170°C. 

RDX  AND  HMX  DECOMPOSITION. 

The  decomposition  of  both  RDX  and  HMX  is  a  complex  process  that  is  controlled  by  multiple 
reaction  pathways  whose  behavior  depends  on  both  the  individual  properties  of  the  molecules 
themselves,  as  well  as  the  physical  state  of  the  sample.  The  global  chemical  reaction  pathways  that 
control  the  decomposition  process  in  the  liquid  phase  are  shown  in  Figure  1  for  the  case  of  RDX. 
Important  physical  processes  in  the  decomposition  of  material  in  the  solid  phase  are  illustrated  in 
Figure  3  for  the  case  of  HMX. 
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RDX  Decomposition 

Four  primary  reaction  pathways  control  the  decomposition  of  RDX  in  the  liquid  phase  between  200 
and  215°C  (Fig.  1).  Two  pathways  are  first  order  reactions  solely  in  RDX.  One  of  these  produces 
predominantly  OST,  NO,  and  H2O  and  accounts  for  approximately  30%  of  the  decomposed  RDX  and 
the  other  produces  predominantly  N2O  and  CH2O  with  smaller  amounts  of  NO2,  CO,  and  NH2CHO 
and  accounts  for  10%  of  the  decomposed  RDX.  The  third  pathway  consists  of  formation  of 
ONDNTA  by  reaction  between  NO  and  RDX,  followed  by  the  decomposition  of  ONDNTA  to 
predominantly  CH2O  and  N2O.  The  nature  of  the  fourth  reaction  pathway  is  less  certain.  From  our 
original  experiments  on  RDX,  we  proposed  that  in  the  fourth  pathway  RDX  decomposes  by  reaction 
with  a  catalyst  that  is  formed  from  the  decomposition  products  of  RDX.  This  pathway  is  based  on  the 
temporal  behaviors  of  the  gas  formation  rates  of  the  decomposition  products.  However,  from  more 
recent  experiments  with  the  independently  synthesized  mononitroso  analogue  of  RDX,  ONDNTA,  it 
appears  that  this  fourth  channel  may  also  involve  the  ONDNTA  intermediate.  The  third  and  fourth 
reaction  channels  each  account  for  approximately  30%  of  the  decomposed  RDX. 
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Figure  1.  Decomposition  pathways  for  RDX  in  the  liquid  phase.  (Data  from  Ref.  7) 


Experiments  with  solid-phase  RDX  at  190  C  have  shown  that  its  decomposition  rate  is  very  much 
slower  than  that  of  liquid  phase  RDX  as  can  be  seen  in  Figure  2.  ONDNTA  is  the  only  product  that 
appears  to  be  formed  during  the  early  stages  of  the  decomposition  of  RDX  in  the  solid  phase.  As  the 
solid-phase  decomposition  progresses,  N2O  and  lesser  amounts  of  CH2O  start  to  evolve  and  their 
rates  of  evolution  increase  slowly  until  products  associated  with  the  liquid-phase  RDX  decomposition 
appear  and  the  rates  of  gas  formation  of  all  products  rapidly  increase.  This  behavior  strongly  suggests 
that  the  decomposition  of  solid  RDX  occurs  through  formation  of  ONDNTA  within  the  lattice.  Its 
subsequent  decomposition  within  the  lattice  to  N2O  and  CH2O,  followed  by  the  dispersion  of  CH2O 
in  the  RDX,  leads  to  the  eventual  liquefaction  of  the  remaining  RDX  and  the  onset  of  the  associated 
liquid-phase  decomposition  reactions. 


HMX  Decomposition. 

Physical  processes  also  play  a  role  in  controlling  the  rates  of  thermal  decomposition  for  HMX  and 
RDX.  A  model  of  these  physical  processes,  based  on  the  identities  of  the  decomposition  products  and 
the  temporal  behaviors  of  their  gas  formation  rates  as  determined  from  our  experiments  with  HMX  and 
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RDX,  is  illustrated  in  Fig,  3.  An  illustration  of  the  typical  observed  data  from  the  decomposition  of 
HMX  below  its  melting  point  is  shown  in  Figure  4. 


The  first  step  in  the  decomposition  of 
HMX  in  the  solid  phase  is  illustrated  in 
Figure  3.  As  the  solid  HMX  is  heated,  a 
quasi-equilibrium  is  established  between  the 
gas  and  solid  phase  HMX.  During  the  initial 
period,  decomposition  of  HMX  in  the  gas 
phase  occurs  and  the  decomposition  products 
are  observed  directly  as  the  gas  exits  the 
reaction  cell.  Concurrently,  decomposition 
of  HMX  occurs  in  the  solid  phase,  first 
forming  the  mononitroso  analogue  of  HMX, 

ONTNTA  (IV),  which  then  decomposes  to 
lower  molecular  weight  decomposition 
products.  Both  the  ONTNTA  and  its 
decomposition  products  remain  trapped 
within  the  HMX  particles  during  the  initial 
stages  of  the  decomposition.  These 
processes  are  illustrated  in  the  first  two 
diagrams  in  Fig.  3.  These  aspects  of  the 
model  are  based  on  the  following  results: 

1)  Gas-phase  decomposition  contributes 
to  the  decomposition  products  as  can  be  seen 
from  the  gas  formation  rates  of  CD2O  and 
N2O,  shown  in  Fig.  4b,  which  are  constant 
and  proportional  to  the  vapor  pressure  of 
HMX.  Die  duration  of  the  constant  gas 
formation  rate  of  N2O  is  referred  to  as  the 
induction  period. 

2)  By  analogy,  during  the  decomposition 
of  RDX  in  the  solid  phase  only  ONDNTA 
and  its  decomposition  products  are 
observed.'^ 

HMX  continues  to  decompose  in  the  solid  phase  dirough  the  mononitroso  intermediate. 
Decomposition  of  the  mononitroso  intermediate  produces  low  molecular  weight  products,  such  as  N2O 
and  CH2O,  and  a  polymeric  product.  The  low-molecular-weight  products  move  within  and  interact 
with  the  surrounding  HMX  lattice,  to  form  bubbles,  containing  primarily  N2O,  and  solutions  between 
the  HMX  and  CH2O,  which  may  be  localized  in  the  volumes  surrounding  the  bubbles.  A  polymeric 
product  is  also  formed  in  the  region  of  the  bubbles  and  itself  undergoes  a  diermal  decomposition 
process  yielding  both  lower  molecular  weight  decomposition  products  and  other  polymeric  products. 
Eventually,  the  size  and  pressure  within  the  bubbles  grows,  leading  to  cracking  of  the  HMX  particles 
and  release  of  the  trapped  products.  These  aspects  of  the  model  are  based  on  the  following  results: 

1)  At  the  end  of  the  induction  period  there  is  a  rapid  rise  in  the  rate  of  release  from  the  solid  of  N2O 
followed  some  time  later  by  a  rise  in  the  rate  of  release  of  formaldehyde  (CD2O  in  Fig.  4).  This 
along  with  similar  results  for  decomposition  of  RDX  in  the  solid  phase  and  the  fact  that  the 
mononitroso  analogue  of  RDX  forms  mostly  N2O  and  CH2O  when  decomposed  under  high 
confinement  (see  ONDNTA  results  below)  strongly  supports  this  mechanism. 


Time  (sec) 

Figure  2.  Ion  signals  associated  with  the  thermal 
decomposition  products  formed  from  pure  unlabeled 
RDX  at  an  isothermal  temperature  of  190  °C.  The, 
ONDNTA,  N2O,  CH2O,  and  CH3NHCHO  signals  all 
show  a  gradual  increase  prior  to  the  onset  of  the 
appearance  of  the  signals  associated  with  the  liquid- 
phase  decomposition  (OST,  H2O  and  NO2).  Data 
from  Ref.  7. 
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Figure  3.  Schematic  representation  of  the  processes  involved  in  the  decomposition  of  a 
particle  of  HMX.  The  particle  is  in  a  container  that  is  representative  of  the  reaction  cell  used 
in  the  STMBMS  thermal  decomposition  experiments. 

2)  At  the  completion  of  a  decomposition  experiment,  at  isothermal  temperatures  below  the  melting 
point  of  HMX,  an  orange-brown  residue  remains  that  retains  the  same  shape  as  the  original 
HMX  particles  (~150  pim  diameter)  and  upon  examination  with  transmission  electron 
microscopy  was  found  to  be  composed  of  broken  spherical  shaped  shells  ranging  in  size  from 
0.1  to  ~5  }im.  This  residue  is  a  form  of  polyamide  that  decomposes  to  formamide,  N- 
methylformamide,  and  N,N-dimethylformamide,  as  well  as  several  other  lower  molecular 
weight  species  upon  further  heating.^  This  supports  the  idea  of  bubble  formation,  as  well  as 
polymerization,  in  the  decomposition  process. 

3)  The  fact  that  75%  of  the  ONTNTA  formed  in  the  decomposition  of  HMX  in  the  solid  phase  does 
not  undergo  scrambling  of  the  N-NO  bond  (Ref.  6)  compared  to  complete  scrambling  of  the  N- 
NO  bond  in  ONDNTA  in  the  decomposition  of  RDX  in  the  liquid  phase  (Ref.  7)  suggests  that 
fonnation  of  ONTNTA  in  the  solid  phase  occurs  at  individual  sites  in  the  lattice.  After  the 
ONTNTA  decomposes  at  the  lattice  site,  the  lower  molecular  weight  products  disperse  in  the 
lattice  to  expand  existing  bubble  sites  or  create  new  nucleation  centers. 

4)  The  observation  of  the  fonnation  of  dimethylnitrosamine,  (CH3)2NNO.  from  the  decomposition 
of  HMX  in  the  solid  phase,  as  well  as  from  the  unusual  decomposition  process  of  ONDNTA 
under  high  confinement  (see  below),  suggests  that  the  mononitroso  analogue  of  HMX  plays  a 
very  important  role  in  its  decomposition  in  the  solid  phase. 

The  increase  in  the  rate  of  decomposition  after  the  induction  period  suggests  an  autocatal^mc 
process,  as  can  be  seen  from  Fig.  4.  The  processes  that  occur  in  the  early  stages  of  decomposition 
continue,  but  now  the  decomposition  process  is  affected  by  the  reaction  of  gaseous  decomposition 
products  with  the  remaining  HMX.  This  effect  can  be  seen  from  a  comparison  of  the  rate  of 
decomposition,  as  characterized  by  the  rate  of  fonnation  of  N2O,  from  experiments  in  which  the 
pressure  of  the  decomposition  products  in  the  reaction  cell  was  varied  by  using  orifices  with  diameters 
of  5  and  100  ;<m  as  can  be  seen  from  the  results  in  Figure  5.  The  higher  pressure  of  contained  gaseous 
products  in  the  experiment  with  the  5  pim  diameter  orifice  increases  the  rate  of  decomposition  of  the 
HMX  sample. 
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Figure  4,  a)  Gas  formation  rates  of  the  products  from  the  thermal  decomposition  of  HMX  at 
210°C.  The  duration  of  the  decomposition  process  is  about  37000  seconds,  b)  Gas 
formation  rates  of  thermal  decomposition  products  from  HMX-d8  during  the  induction 
period  and  first  stage  of  the  acceleratory  period. 


ONDNTA  DECOMPOSITION 

In  the  case  of  the  intermediate  in  RDX 
decomposition  ,  ONDNTA,  we  have  been 
able  to  independently  synthesize  it  and 
study  its  decomposition  mechanisms 
separately. 9  Analysis  of  the  details  of  its 
decomposition  behavior  are  currently 
underway  and  only  a  brief  summary  of  the 
results  are  presented  here.  This  nitramine 
decomposes  in  two  separate  temperature 
regions  sequentially,  one  between  95  and 
145  °C  and  the  other  between  155  and  210 
°C.  An  illustration  of  this  behavior  is 
shown  in  Figure  6  for  the  decomposition  of 
ONDNTA  in  a  reaction  cell  with  a  50  pm 
diameter  orifice  and  held  at  two  different 
isothermal  temperatures  of  115  and  175  C. 
The  major  decomposition  products  are 
N2O,  CH2O,  CO/N2  (m/z=28)  and  NO2 
and  the  minor  decomposition  products 
include  several  formamides  and 
dimethylnitrosamine,  (CH3)2NNO.  The 
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Figure  5.  The  effect  of  containment  of  gaseous 
decomposition  products  on  the  decomposition  of  HMX 
in  the  solid  phase  is  illustrated  with  the  ion  signals 
associated  with  the  rate  of  formation  of  N2O  formed 
during  the  decomposition  in  two  different  experiments 
with  HMX  at  235  C  and  using  orifice  diameters  of  100 
pm  and  5  pm. 


products  obtained  from  both  regions  are  very  similar  to  those  obtained  from  the  decomposition  of 
HMX  and  RDX  in  the  solid  phase  with  some  variation  between  the  two  channels  of  ONDNTA 
decomposition.  Careful  examination  of  the  ONDNTA  sample  by  IR,  NMR  and  mass  spectrometry 
show  no  evidence  of  any  major  impurity  that  would  account  for  the  decomposition  products  observed 
in  the  lower  temperature  channel  of  the  decomposition.  Furthermore,  examination  of  samples  that 
were  held  at  temperatures  associated  with  the  lower  temperature  decomposition  region  (125  C)  stopped 
producing  decomposition  products  and  when  the  remaining  sample  was  evaporated  only  the  reactant, 
ONDNTA,  was  detected  with  the  STMBMS.  It  is  not  understood  why  the  decomposition  stops  in  the 
lower  temperature  region.  However,  it  is  surmised  that  in  this  temperature  region  there  is  a  competition 
between  two  competing  processes.  One  is  an  autocatalytic  process  in  which  contained  gas-phase 
decomposition  products  accelerate  the  decomposition  process  and  the  second  is  some  undetectable 
phase  transition  that  leads  to  a  more  stable  phase  of  ONDNTA  diat  is  not  susceptible  to  autocatalysis. 
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This  competition  between  autocatalytic  decomposition  and  stabilization  of  the  ONDNTA  is  illustrated 
quite  dramatically  by  the  results  of  an  experiment  using  a  smaller,  5  qm  diameter  orifice  that  raises  the 
partial  pressures  of  ±e  decomposition  products  within  the  reaction  cell.  A  comparison  between  the  gas 
formation  rates  and  the  associated  partial  pressures  of  the  decomposition  products  for  experiments 
carried  out  with  50  and  5  |Lim  diameter  orifices  is  shown  in  Figure  7.  Decomposition  of  ONDNTA  in 
the  experiment  conducted  with  a  5  jiim  diameter  orifice  occurs  much  more  rapidly  than  with  a  50  \im 
diameter  orifice.  In  the  experiment  with  the  5  jim  diameter  orifice,  the  pressures  of  the  decomposition 
products  are  about  1000  times  higher,  the  ONDNTA  decomposes  approximately  100  times  as  fast,  and 
the  entire  sample  is  consumed  in  the  low  temperature  channel.  Thus,  the  increased  pressure  of  the 
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Figure  6.  Gas  formation  rates  of  decomposition  products  from  the  thermal  decomposition  of 
ONDNTA  in  a  reaction  cell  with  a  50  p.m  orifice  at  isothermal  temperatures  of  115  C  and  175  C. 

decomposition  products  appears  to  increase  the  rate  of  the  autocatalytic  decomposition  to  such  an  extent 
that  it  overcomes  the  process  that  leads  to  a  more  stable  form  of  ONDNTA.  Details  of  this  unusual 
behavior  and  the  kinetics  of  the  decomposition  will  be  the  subject  of  another  paper. 

These  results  indicate  that  as  ONDNTA  decomposes  it  releases  gaseous  products  and  also  forms  a 
nonvolatile  compound  (possibly  polymeric)  that  is  relatively  stable.  The  first  step  in  the  process  may 
be  scission  of  the  N-NO2  bond  as  evidenced  by  the  NO2  signal,  followed  immediately  by  loss  of 
CO/N2,  N2O  and  CH2O  as  indicated  by  the  simultaneous  rapid  rise  in  these  signals.  Two  different 
explanations  may  be  made  for  the  sharper  decrease  in  the  CO/N2  and  NO2  signals  compared  to  the 
N2O  and  CH2O  signals.  The  first  explanation  is  that  the  ONDNTA  sample  is  rapidly  converted  to  a 
nonvolatile  product  (the  rate  of  conversion  is  characterized  by  the  NO2  or  CO/N2  signals)  that  then 
undergoes  a  slower  decomposition  to  form  N2O  and  CH2O.  The  second  possible  explanation  is  that 
the  nonvolatile  decomposition  product  interacts  with  the  remaining  ONDNTA,  thus  providing  another 
decomposition  pathway  that  leads  to  the  release  of  N2O  and  CH2O.  The  fact  that  there  is  an  abrupt 
appearance  of  a  new  set  of  decomposition  products  later  in  the  process  suggests  that  the  first 
explanation  may  be  more  likely.  This  is  based  on  the  fact  that  the  abrupt  appearance  of  these  new 
products  occurs  in  both  the  thermal  ramp  and  isothermal  experiments.  It  suggests  that  the  nonvolatile 
product  formed  in  the  initial  decomposition  of  ONDNTA  itself  decomposes,  releasing  N2O  and  CH2O 
until  it  reaches  a  point  at  which  the  nonvolatile  product  becomes  sufficiently  unstable  that  it  starts  to 
decompose  more  rapidly  into  water,  dimethylnitrosamine  and  the  formamides.  This  process  is  quite 
consistent  with  the  observed  data.  A  discussion  of  details  of  this  process  will  be  presented  in  a  future 
paper. 
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IMPLICATIONS  OF  THE  RESULTS  FROM  HMX,  RDX  AND  ONDNTA  ON  THE 
HMX  DECOMPOSITION  PROCESS 


The  similarities  between  the  products  and  their  sequence  of  formation  in  the  thermal  decomposition 
of  ONDNTA  under  high  confinement  conditions  and  the  products  observed  in  the  decomposition  of 
HMX  in  the  solid  phase  are  quite  striking.  First,  the  major  products  formed  in  the  decomposition  are 
the  same,  namely  N2O,  CH2O  and  CO/N2.  Second,  the  products  that  originate  from  the 
decomposition  of  the  nonvolatile  product  formed  in  the  decomposition  of  ONDNTA  are  the  same  as 
those  observed  in  the  decomposition  of  HMX  in  the  solid  phase  (H2O,  (CH3)2NNO,  CH3NHCHO, 
and  (CH3)2NCH0).  Third,  a  stable  residue  remains  after  the  decomposition  of  both  materials.  One 
notable  difference  between  the  decomposition  of  these  two  materials  is  the  observation  of  NO2  during 
the  decomposition  of  ONDNTA  and  the  absence  of  NO2  as  an  observed  product  during  the 
decomposition  of  HMX.  However,  since  HMX  decomposes  at  higher  temperatures  and  the  process 
occurs  within  the  HMX  particles  it  is  quite  likely  that  the  NO2  reacts  within  the  HMX  particles  to  form 
NO  and  thus  NO2  is  not  observed  in  our  experiments  with  HMX.  One  other  difference  between  the 
decomposition  of  ONDNTA  and  HMX  is  the  presence  of  HCN  in  the  decomposition  of  HMX  and  its 
absence  in  the  decomposition  of  ONDNTA.  Although  HCN  is  not  one  of  the  more  abundant  products 
observed  in  the  solid-phase  decomposition  of  HMX,  its  presence  indicates  that  a  pathway,  similar  to 
the  OST  pathway  observed  in  the  liquid-phase  decomposition  of  RDX,  occurs  during  the 
decomposition  of  HMX,  but  with  only  a  minor  contribution.  This  behavior  is  also  supported  by  our 
previous  work  on  decomposition  of  HMX  in  the  liquid  phase^^  in  which  OST  and  other  products 
formed  from  the  HMX  ring  (H2C2N2O,  m/z=70)  were  observed.  HCN  will  be  formed  upon  further 
decomposition  these  products. 

From  this  qualitative  description  of  the  decomposition  of  HMX,  RDX  and  ONDNTA,  the 
following  model  of  the  decomposition  of  HMX  in  the  solid  phase  can  be  constructed. 

1)  HMX  decomposes  to  its  mononitroso  analogue  at  individual  lattice  sites  within  the  particles. 

2)  The  mononitroso  analogue  decomposes  to  gaseous  products  (CO/N2,  N2O  and  CH2O,...). 

3)  The  gaseous  products  move  within  and  interact  with  the  lattice.  Initially  the  CO/N2  and  N2O 
coalesce  to  form  bubbles  and  the  CH2O  dissolves  in  the  HMX  lattice. 

4)  Weakening  of  the  HMX  lattice  due  to  dissolved  CH2O  allows  dissociation  associated  with 
liquid-phase  decomposition  to  occur.  This  leads  to  the  formation  of  HCN  from  the  ring  and 
HONO  and  its  decomposition  products,  H2O,  NO  and  NO2. 

5)  Formation  of  the  HMX  mononitroso  analogue,  ONTNTA,  and  its  subsequent  decomposition 
continues.  The  ONTNTA  now  decomposes  to  CO/N2,  N2O  and  CH2O  and  a  nonvolatile 
product  that  may  be  polymeric.  This  nonvolatile  product  itself  undergoes  decomposition  to 
CH2O  and  N2O  and  eventually  becomes  unstable  and  decomposes  to  formamides  and 
dimethylnitrosamine.  This  nonvolatile  product  may  be  a  catalyst  for  the  decomposition. 

6)  The  size  and  gas  pressure  within  the  bubbles  grow  eventually  leading  to  cracking  of  the  HMX 
particles  and  release  of  the  gaseous  products. 

7)  The  gaiseous  products  interact  with  the  remaining  HMX  sample  to  accelerate  its  decomposition. 
The  reactions  responsible  for  this  aspect  of  the  process  have  not  yet  been  determined. 

8)  Finally  the  HMX  is  depleted  and  a  residue  with  polyamide  characteristics  remains. 

This  model  summarizes  the  global  chemical  reaction  pathways  and  physical  processes  that  we 
believe  control  the  decomposition  of  HMX  in  the  solid  phase.  Clearly  more  work  needs  to  be  done  to 
probe  aspects  of  both  the  chemical  reaction  pathways,  such  as  catalysis  by  gaseous  decomposition 
products,  and  the  physical  processes,  such  as  bubble  growth  and  gas  release  from  the  pairticles.  In 
addition,  we  need  to  develop  models  to  accurately  represent  these  processes  so  that  these  results  may 
be  used  in  models  addressing  issues  of  long-term  aging  and  response  of  these  materials  in  abnormal 
environments  such  as  fires. 
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SUMMARY  AND  IMPLICATIONS  FOR  COOKOFF  RESPONSE. 

Understanding  the  physical  and  chemical  changes  that  occur  prior  to  ignition  in  energetic  materials 
in  munitions  that  arc  subjected  to  abnormal  thermal  environments  is  important  for  developing  reliable 
models  for  characterizing  the  violence  of  the  resulting  event.  HMX  and  RDX  are  usually  but  one 
ingredient  in  a  propellant  or  explosive  formulation,  and  therefore,  it  is  important  to  understand  how 
their  behavior  may  be  influenced  by  other  components  of  the  formulation.  The  results  of  our  work  on 
these  materials  indicates  that  sever^  of  the  decomposition  processes  occur  within  the  solid  particles  and 
thus  should  not  be  significantly  influenced  by  other  ingredients  in  the  formulation,  whereas,  other 
aspects  of  the  results  suggest  that  interactions  with  other  ingredients  may  be  important. 

The  important  aspects  of  the  decomposition  of  HMX  that  may  be  independent  of  other  ingredients 
involve  the  formation  and  decomposition  of  the  mononitroso  analogue  of  HMX.  The  formation  of 
ONTNTA  in  the  lattice  of  HMX  and  its  subsequent  decomposition  to  gaseous  products  will  create 
more  localized  defects  within  die  HMX  particles,  thus  increasing  the  density  of  potential  "hot  spots" 
and  possibly  increasing  the  shock  or  impact  sensitivity.  Further  degradation  of  HMX  within  the 
particles  leads  to  formation  of  bubbles  within  die  particles  and  eventual  fracture  of  die  particles, 
creating  smaller  particles  with  more  edges.  This  may  also  increase  the  impact  or  shock  sensitivity  of 
the  material.  As  the  decomposition  progresses  die  material  becomes  porous  as  the  HMX  decomposes. 
Its  pores  being  filled  by  its  thermal  decomposition  products  (i.e.,  N2O,  CH2O,  etc.),  which  still 
contain  a  large  fraction  of  the  energy  originally  stored  in  the  HMX.  Ignition  of  die  material  in  this 
porous  condition  may  lead  to  a  more  violent  event. 

The  important  aspects  of  the  decomposition  of  HMX  that  may  be  dependent  on  other  ingredients  in 
a  formulation  are  associated  with  the  influence  of  thermal  decomposition  products  on  the  rate  of 
decomposition  of  HMX  in  an  autocatal)^c  manner.  This  interaction  may  manifest  itself  by  either  an 
increase  or  a  decrease  in  the  rate  of  decomposition  of  HMX  depending  on  whether  the  other  ingredients 
increase  or  decrease  the  amount  of  the  species  responsible  for  autocatalysis.  Neither  the  identity  of  the 
autocatalyst  nor  how  it  may  interact  with  other  components  in  a  formulation  are  known  at  present. 

Future  work  in  this  area  involves  developing  models  to  represent  the  decomposition  processes 
outlined  in  this  paper  and  investigating  the  role  of  autocatalysis  by  the  gaseous  decomposition 
products. 
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IGNITION  OF  LIQUID  AND  SOLID  NITROCOMPOUNDS 
AT  FAST  COMPRESSION  OF  GAS  INTRUSIONS 
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ABSTRACT:  Initiation  of  explosion  of  liquid  and  solid  explosives  by  rapid  compression  of  gas 
intrusions  has  been  the  subject  of  extensive  study  during  at  least  hdf  of  century.  However  only 
limited  quantitative  both  theoretical  and  phenomenological  description  of  the  process  till  now  is 
reached.  This  work  is  devoted  to  elaboration  and  application  of  two  experimental  procedures  of  the 
energetic  materials  initiation  by  means  of  the  gas  cavities  compression.  One  of  them  named  method 
U-shaped  tube  was  used  to  generate  data  which  revealed  the  role  of  air  inclusions  in  causing 
ignitions  during  the  rapid  compression  of  a  liquid  in  the  broad  range  of  conditions  of  its  production 
or  transportation.  Another  procedure  consists  of  employment  of  fallhammer  impact  machine 
equipped  with  the  impact  device  containing  a  layer  of  explosive  on  the  bottom  of  the  hole  filled  by 
air  to  investigate  sensitivity  of  solid  energetic  materials,  and  to  simulate  possible  conditions  of  in¬ 
bore  premature  explosions.  Critical  pressure  of  initiation  is  determined  for  many  liquid  explosives, 
preeminently  nitrocompounds,  in  U-shaped  tube.  Dependence  of  critical  pressure  on  the  hole  depth  is 
estimated  in  fallhammer  apparatus.  The  approximate  theoretical  relations  are  developed  to  describe 
the  experimental  facts. 


1.  INTRODUCTION 

The  liquid  nitrocompound,  nitroglycerin,  introduced  into  practice  by  Aifi-ed  Nobel  a  century  ago 
made  the  Revolution  in  the  field  of  technology  of  explosives,  in  rock  blasting,  and  in  propellants 
manufacturing  and  application.  This  fact  evokes  the  greatest  respect  bearing  in  mind  that 
nitroglycerin  is  one  of  the  most  dangerous  chemical  substances,  and  all  the  history  of  its  production 
and  application  is  nothing  but  continuos  chain  of  the  accidental,  sometimes  catastrophic  explosions. 
It  was  precisely  Alfred  Nobel  who  understood  also  that  this  behavior  was  connected  at  least  partly 
with  liquid  state  of  aggregation  of  the  compound,  and  found  out  two  paradoxical  ways  to  decrease 
sensitivity  of  the  liquid  at  first  by  mixing  nitroglycerin  with  the  mineral  substance,  kieselguhr,  and 
then  by  introducing  into  it  some  amount  of  nitrocellulose,  also  very  hazardous  substance,  as  a  result 
decreasing  danger  of  the  explosive  drastically. 

The  main  source  of  higher  danger  of  liquid  energetic  materials  (LEM)  is  ignition  and  explosion  at 
fast  compression  of  gas  inclusions.  We  have  investigated  ignition  and  explosion  at  quick  compression 
of  gas  cavities  of  a  row  of  LEM  using  two  experimental  procedures.  One  of  them  consists  of 
application  of  U-shaped  tube  fi'om  steel  or  perspex  one  end  of  which  is  connected  through  the  socket 
and  the  plastic  disc  with  a  receiver  containing  compressed  nitrogen.  Anotho-  end  of  the  tube  is 
sealed.  Explosive  liquid  is  immersed  in  the  lower  section  of  the  tube.  When  the  disc  is  ruptured  the 
liquid  in  the  tube  is  set  to  motion  by  jet  of  nitrogen  ruslung  into  the  tube,  and  impinges  upon  the  tube 
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end.  The  procedure  in  outlines  reproduces  the  method  described  elsewhere.  [1]  Another  procedure 
consists  of  employment  of  fallhammer  impact  machine  (36  kg  falling  weight,  1.5  m  height  limit). 
Impact  device  of  the  machine  contains  a  hole  of  definite  diameter  and  depth  at  bottom  of  which  a 
small  portion  of  explosive  is  pressed.  The  plastic  substance,  ceresine  (wax  from  ozocerite)  fiows  into 
the  hole  during  impact,  and  compresses  air  inside  it.  Critical  pressure  necessary  for  ignition  of  EM  is 
determined  in  both  the  methods  used. 


2.  EXPERIMENTAL 
2.1.  U-shaped  Tube  Method  and  Results 

Schematic  drawing  of  U-shaped  tube  apparatus  used  for  LEM  testing  is  shown  in  Figure  1.  Receiver 
of  0.25  I  volume  is  attached  through  a  sleeve  (1)  and  the  union  nut  (2)  to  thick  walled  socket  (7). 
Plastic  disc  (5)  inserted  between  rings  (3)  and  (6)  separates  regions  of  high  and  low  pressure. 
Nichrome  wire  0.1  mm  diameter  (4)  passing  through  the  small  electrically  isolated  orifice  in  the  nut 
(2)  is  placed  between  the  disc  and  the  emery  paper  ring  which  fixes  the  wire  location  and  provides 
uniform  rupture  of  the  disc.  Steel  reducer  (8)  made  airtight  by  means  of  the  TEFLON  ring  (14)  is 
screwed  in  the  socket  (7).  Bottom  part  of  the  reducer  is  connected  with  the  roiled  out  end  of  U- 
shaped  tube  (11)  fixed  by  the  union  nut  (9)  and  made  tight  by  means  of  the  copper  collar  (10). 


Figure  1.  U-shaped  tube  test  assembly.  Figure  2,  Results  of  NGL  investigation  in  U-shaped 

Explanation  of  the  numbers,  see  text  tube  (version  2):  •  -  explosion,  O  -  no  ignition, 

O  -  ignition  without  explosion 
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Tube  of  stainless  steel,  4  mm  diameter,  2  mm  wall  thickness,  was  bent  to  form  U-shaped  channel. 
One  end  of  the  tube  was  rolled  out  on  the  lathe.  After  that  the  tube  was  placed  in  concentrated  nitric 
acid  and  kept  there  about  24  hours  to  remove  traces  of  oil  and  dirt.  Then  it  was  flushed  and  dried 
out,  and  sealed  immersing  the  other  end  of  it  into  the  small  crucible  filled  by  melted  solder  providing 
after  cooling  strong  reliable  connection  of  the  plug  (12)  with  the  tube  walls  and  flat  smooth  surface 
of  the  bottom  of  the  channel.  Firmness  of  the  plug/tube  connection  was  high  enough  to  ensure  its 
retention  even  at  explosion,  if  depth  of  section  of  the  plug  inside  the  tube  were  at  least  5  mm.  When 
it  was  smaller  the  plug  could  be  removed  from  the  tube  during  pressurization,  and  process  of 
explosion  extinguished.  Column  of  a  liquid  tested  (l\q)  (13)  occupied  the  lower  section  of  U-shaped 
tube  providing  some  space  filled  by  air  between  surface  of  the  liquid  and  bottom  of  the  channel  (xo). 
After  necessary  pressure  in  the  receiver  was  attained  the  disc  (5)  was  ruptured,  and  compressed 
nitrogen  from  the  receiver  aspired  into  the  tube.  The  column  of  the  liquid  was  set  to  motion,  and  at 
the  same  time  the  jet  of  nitrogen  penetrated  into  it  forming  a  cone  head  part  of  which  had  velocity 
higher  than  velocity  of  the  whole  mass  of  the  liquid. 

During  the  work,  even  at  explosions,  when  U-shaped  tube  was  destroyed,  the  TEFLON  ring  (6) 
and  the  emery  paper  ring,  as  well  as  the  copper  collar  (10)  were  preserved,  usually  without  any 
visible  changes,  and  could  be  reused.  The  TEFLON  ring  (14)  on  the  contrary  was  deformed  after 
every  run,  and  must  be  replaced.  By  the  special  experiments  with  four  nitric  esters,  and  some  other 
substances  it  was  shown  that  absence  of  the  tightening  ring  14  resulted  in  difference  only  about  2 
atm  in  critical  pressure  necessary  for  ignition  Per.  Correspondingly  experiments  were  carried  out  in 
some  cases  without  the  ring.  This  version  of  the  experimental  procedure  is  denoted  below  as  version 
2  as  distinguished  it  from  the  first,  basic  modification.  Variants  3  and  4,  with  the  ring  14  but  without 
the  receiver,  and  without  both  the  ring  and  the  receiver  gave  very  big  difference  in  Per,  and  were  not 
recommended  as  the  test  methods. 

V-shaped  channel  in  transparent  block  was  used  to  visualize  the  process.  Channel  4  or  7  mm 
diameter  was  drilled  in  the  perspex  block  of  about  90x80x30  (mm).  It  was  polished  after  drilling 
using  dichloroethane  and  dried  out.  One  end  of  the  channel  was  supplied  by  the  threaded  joint  to 
connect  it  vrith  the  reducer  (8).  The  other  end  was  tightly  closed  by  a  bolt.  Process  of  a  liquid  motion 
was  photographed  by  means  of  the  high  speed  framing  camera  SKS-2M  (2,000  to  4,000  frames  per 
second)  against  background  of  a  bright  screen.  The  processes  of  ignition,  DDT,  and  detonation  were 
registered  by  the  streak  camera  JFR-2.  The  limit  of  pressure  at  application  both  U-  and  V-shaped 
tubes  was  about  100  atm,  i.e.  pressure  in  commercial  nitrogen  cylinder. 

SKS-2M  framing  camera  records  demonstrate  movement  of  the  liquid  column  surface  exposed  to  the 
bottom  of  the  channel  of  V-shaped  tube  as  well  as  motion  of  the  head  part  of  the  jet  inside  the 
column.  Velocity  of  the  head  portion  of  the  jet  is  higher  than  velocity  of  the  surface  of  the  column 
exposed  to  bottom  of  the  tube.  The  results  of  the  frames  elaboration  were  drown  in  form  of  the 
curves  in  t-x  plane.  Intersection  point  of  the  curves  represents  a  state  when  the  jet  of  nitrogen  breaks 
through  the  layer  of  liquid  into  cavity  and  no  essential  compression  of  the  air  bubble  (and  accordingly 
ignition  of  the  liquid)  is  possible. 

Figure  2  shows  a  line  that  separates  region  of  explosions  (solid  circles  inside  the  zone  confined  by 
the  curve)  and  region  of  non  explosions  (open  circles  outside  the  explosion  zone).  Half-open  circles 
correspond  to  experiments  where  ignition  take  place  but  U-shaped  tube  is  found  unchanged  or  only 
slightly  deformed.  The  right  upward  branch  of  the  curve  Fig.  2  demonstrates  in  fact  locus  of  the 
points  of  intersection  of  the  curves  one  of  which  represents  the  head  of  the  jet  motion,  and  the  other 
reflects  the  surface  of  the  liquid  migration.  Left  branch  of  the  curve  demonstrates  Per  change 
probably  connected  with  heat  losses  at  low  Xo  values. 
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Streak  camera  records  show  that  at  pressure  of  nitrogen  in  the  receiver  close  to  Per  low  and 
sometimes  even  high  velocity  detonation  develops  after  igmtion.  Retonation  wave  also  can  be 
observed.  At  higher  pressures  detonation  and  retonation  processes  are  suppressed  in  some  cases,  and 
only  quick  burning  of  LEM  is  registered. 


TABLE  1 

Critical  Pressures  of  Ignition  of  LEM  in  U-shaped  Tube 


N 

Explosive 

Version 

1 

2 

3 

4 

1 

Methylnitrate 

8 

10 

12.5 

18 

2 

Allyinitrate 

10 

- 

- 

- 

3 

Nitroglycerin  (NG) 

11 

13 

15 

23 

4 

NG/DGDN  (60/40) 

11 

- 

- 

- 

5 

Nitroglycol  (NGL) 

12.5 

14 

17 

27 

6 

Diethyleneglycoidinitrate  (DGDN) 

ii(?) 

15 

18 

25 

7 

AEDAP 

15 

- 

- 

- 

8 

AEDAT 

15 

- 

- 

- 

9 

FEFO 

16 

17 

20 

28 

10 

TNM/Benzene  (90/10) 

20 

- 

- 

- 

11 

DINA 

21.5 

- 

- 

- 

12 

BTNENA 

23 

27 

31 

39 

13 

ADN 

23 

- 

- 

- 

14 

2,4-DNT/HN03  (70/30) 

60 

- 

- 

15 

TNT 

80 

82 

83 

86 

16 

Nitromethane  (NM) 

>100 

- 

- 

- 

17 

Tetr^trpmethane  (TNM) 

>100 

- 

- 

- 

18 

TNT/RDX  (70/30) 

>100 

- 

- 

- 

19 

Alumotol  (15/85) 

>100 

- 

- 

- 

20 

Methylamineperchlorate/H20  (65/35) 

- 

>100 

- 

- 

21 

Ethylenediaminediperchlorate/  H20( 7 0/3 0) 

- 

>100 

- 

- 

Notes:  Versions  1  -  4  are  described  in  text.  All  the  solid  at  usual  conditions  substances  are  tested 
at  temperature  5  -  lOK  higher  their  melting  points. 

AEDAP  is  2-azido€thoxy-l,3-diazidopropane.  AEDAT  is  2-(2-a2ido€thoxy)-4,6-diazido- 1,3,5- 
triazine.  FEFO  is  bis  (2-fiuoro-2,2-dinitroethyl)  formal.  BTNENA  is  bis  (2,2,2-trinitroethyl) 
nitroamine. 


Table  1  presents  the  data  obtained  at  testing  of  LEM  in  U-shaped  tube.  Quite  naturally  methylnitrate 
having  nitric  esters  kinetics,  very  high  burning  rate,  and  high  vapor  pressure  is  ignited  best  of  all,  at 
the  smallest  pressure  in  the  receiver.  Allyinitrate  is  the  second  LEM  in  this  respect,  and  nitroglycerin 
is  the  third.  All  these  substances  have  noticeably  higher  tendency  to  ignition  than  that  of  nitroglycol 
which  is  characterized  by  the  highest  among  the  usual  nitric  esters  heat  of  explosion.  Two  azides  are 
ignited  approximately  as  nitric  esters  but  bum  more  quietly,  very  often  ignition  without  explosion  is 
observed.  ADN  behaves  about  as  BTNENA  and  DINA,  although  it  has  at  least  twice  as  low  heat  of 
explosion  than  these  nitrocompounds. 

Conditions  of  trinitrotoluene  ignition  arc  close  to  the  limit  of  applicability  of  this  test  method:  is 

about  80  atm.  Nitromethane,  tetranitromethane,  and  some  other  slow  burning  liquids  may  not  be 
initiated  in  U-shaped  tube.  Suspensions,  TNT/Al  (85/15)  (15%  of  pigment  grade  aluminum  in  the 
mixture)  and  TNT/RDX  (70/30)  also  do  not  explode,  probably  due  to  very  high  viscosity:  The  jet  of 
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the  compressed  gas  just  breaks  through  the  layer  of  the  suspension,  and  the  gas  in  the  cavity  may  not 
be  compressed  sufficiently. 

Mixing  an  explosive  liquid  with  non-expiosive  organic  diluents  results  in  augmentation  of  Per  (Tabic 
2).  The  most  important  characteristic  of  the  diluent  is  probably  its  specific  heat  Cp.  Critical 
concentration  of  chloroform  and  bromoform,  the  substances  characterized  by  the  very  low  Cp  values, 
is  several  times  higher,  than  that  of  methanol  and  acetone. 

TABLE  2 

Effect  of  Solvents  on  Sensitivity  of  NGL  in  U-shaped  Tube:  Pen  (Version  2) 


Solvent 
cone.,  % 

Methanol 

Acetone 

Chloroform 

Bromoform 

0 

13.5 

13.5 

13.5 

13.5 

5 

15.5 

15.5 

13.5 

13.5 

10 

20 

20 

13.5 

13.5 

15 

26.5 

26.5 

14.5 

14.5 

20 

47 

50 

14.5 

14.5 

25 

71 

>100 

14.5 

14.5 

30 

>100 

- 

15 

15 

40 

- 

17.5 

15 

50 

- 

- 

22.5 

15.5 

60 

39 

16 

70 

- 

- 

95 

16.5 

78 

- 

- 

>100 

60 

Influence  of  initial  temperature  on  Per  of  one  of  the  nitric  esters,  diethyieneglycoldinitrate  DGDN, 
was  also  estimated.  P^  rises  fi'om  7  to  24  atm  at  initial  temperature  fi'om  +  100  to  -IS^C  decrease. 


2.2.  Fallhammer  method  and  results 

Estimation  of  sensitivity  of  solid  explosives  to  compression  of  gas  intrusions  was  carried  out  using 
fallhammer  apparatus  (m  =  36  kg,  =  1.5  m).  Small  (about  0.01  g)  portion  of  explosive  tested 
was  thoroughly  pressed  into  a  hole  of  d  «  h  drilled  in  the  plastic  disc  inserted,  bottom  of  the  hole  up, 
into  the  steel  heavy  confinement  cylinder  enclosing  hardened  steel  driving  and  backup  pistons.  A 
layer  of  ccresine  was  located  on  the  backup  piston  under  the  hole.  Another  steel  cylinder  filled  by  oil 
was  used  as  a  damper  to  increase  time  and  to  decrease  maximal  pressure  of  impact.  Pressure 
transducer,  amplifier  and  oscillograph  were  employed  to  measure  pressure-time  dependence  during 
impact.  Time  of  the  gas  compression  as  well  as  time  of  pressure  decrease  due  to  the  falling  weight 
rebound  was  1.5 +0.4  ms.  The  apparatus  was  constructed  to  meet  circumstances  of  quick 
compression  of  gas  inclusions  and  possible  ignition  at  in-bore  premature  explosion  of  a  charge  of 
explosive  fill  in  an  artillery  projectile  at  gunshot. 

Results  of  the  experiments  for  phlegmatized  RDX  (about  6%  of  hydrocarbon  desensitizer  added)  are 
presented  in  Figure  3.  The  every  point  is  a  result  of  the  experiment  at  the  definite  height  of  the  falling 
weight  impact. 
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Figure  3.  Limiting  pressure  of  ignition  versus  depth  of  the  hole.  Experiments  on  fallhammer 
apparatus  with  phlegmatized  RDX:  •  -  ignition,  O  -  no  ignition. 


The  hne  separating  the  region  where  ignition  can  occur  is 

logio  Per  =  2. 13  -  logio  h  (Per  m  MPa,  h  in  mm)  (2. 1) 

Obviously  at  the  conditions  of  the  experiment  it  would  be  very  difficult  to  reproduce  the  results  of 
compression  of  the  very  small  (0.3-20  mm'^)  gas  intrusions.  The  main  source  of  scattering  is  the  leak 
of  air  from  the  hole  through  the  small  cracks  or  pores.  Accordingly  probability  of  ignition  even  at 
pressures  twice  as  big  as  the  value  of  Per  is  merely  about  50%,  and  only  at  relatively  big  dimensions 
of  the  hole  and  at  pressures  of  about  3  Pc^  the  probability  seems  to  be  close  to  100%. 
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3.  DISCUSSION 


As  it  has  been  mentioned  in  our  previous  work  Yuly  B.  Khariton  was  among  the  first  to  pay  attention 
to  the  fact  that  ignition  of  a  liquid  by  weak  mechanical  impact  occurs  as  a  result  of  compression  and 
heating  of  gas  inclusions.[i]  That  time  the  authors  might  not  refer  however  that  about  two  years 
before  the  experiments  carried  out  by  Yuly  B. Khariton  the  young,  modest  military  engineer  Khariton 
M.Lavrik  had  proposed  compression  of  the  gas  intrusions  as  the  only  real  source  of  in-bore 
premature  explosions  of  high  explosive  shells,  veiy  serious  problem  in  defense  industry  of  USSR  in 
the  course  of  the  Soviet-Finnish  war  of  1939/1940.  The  proposals  of  Kh.M.Lavrik  were  of  prime 
importance,  during  few  years,  on  several  proving  grounds,  some  thousand  projectiles  of  different 
caliber  were  tested  by  proof-firing,  and  no  one  of  them  gave  premature  explosion  after  the  changes  in 
filling  technology  which  were  implemented  by  manufacturers  in  correspondence  with  Kh.M.Lavrik 
suggestions.  Some  thirty  years  after,  it  was  again  Dr.Kh.M.Lavrik  who  mmiaged  to  solve,  at 
participation  of  the  authors  of  this  paper,  the  same  problem  as  applied  to  125-mm  shaped  charge 
projectiles  for  the  smooth-bore  tank  gun. 

Comprehensive  work  on  investigation  of  the  gas  bubbles  compression  at  initiation  of  explosives  by 
impact  was  carried  out  during  and  after  the  World  War  II  in  Prof F.P. Bowden  Laboratory, 
Cambridge,  England.  [2]  Many  valuable  investigations  were  performed  later  in  this  and  other 
scientific  sites. [3-7]  As  to  premature  explosions  of  artillery  projectiles  is  concerned  it  would  be 
necessary  to  note  extensive  experimental  and  analytical  study  at  the  Ballistics  Research  Laboratory 
(BRL)  as  well  as  experiments  on  NSWC  setback  shock  simulator.  [8,9]  However  till  now  detailed 
theoretical  description  of  ignition  of  explosive  at  rapid  compression  of  gas  cavities  is  still  not 
reached.  The  analytical  model  with  due  regard  for  heat  losses  into  steel  driving  piston  was  developed 
to  elucidate  experimental  findings.  [8]  Very  big  difference  between  calculated  and  experimental  data, 
how'ever,  was  observed. 

In  this  work  we  attempted  to  exclude  examination  of  the  heat  exchange  processes  between  hot 
compressed  gas  and  met^  surfaces.  This  might  be  implemented  in  principle  quite  easily  because  even 
the  very  thin,  about  10  mcm,  film  of  explosive  or  some  other  substance  of  low  heat  conductivity  on 
metal  surface  prevents  heat  transfer  to  the  metal  during  0.1  to  1  ms,  characteristic  time  of  the  hot 
compressed  gas  in  the  cavity  existence.  In  any  case,  the  gas  from  the  system  leakage  is  assumed  to  be 
more  substantial  source  of  energy  losses  and  ignition  threshold  augmentation  than  the  heat  exchange 
influence.  Consequently  pure  adiabatic  model  is  considered. 

In  framework  of  classic  theory  of  ignition  the  energy  consumption  necessary  to  produce  the  ignition 
zone  near  surface  of  reactive  substance  at  conditions  of  the  experiment  in  U-shaped  tube  is 

■^=k[(T.  -  T„)(V(it/4)Xcpt,)]  (3. 1) 

where  P,  is  pressure  of  compressed  gas  in  the  receiver,  Xo  is  the  distance  between  the  surface  of  a 
liquid  and  the  bottom  of  the  tube,  X,  c,  p  are  the  heat  conductivity  coefficient,  specific  heat,  and 
density  of  a  substance  ignited  correspondingly,  Ts  and  To  are  surface  temperature  at  the  moment  of 
ignition  and  initial  temperature  of  the  substance;  ti  is  ignition  delay  time,  and  k  is  a  proportionality 
coefficient.  Denominator  2  in  (3.1)  reflects  the  feet  that  only  one  half  of  heat  of  the  compressed  gas 
filled  in  the  gap  can  be  used  for  producing  of  the  preheated  layer  near  surface  of  LEM. 

Formula  (3. 1)  is  derived  from  the  usual  expression 
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t^  =  n;Xcp(T,-T„)"/4q' 


(3.2) 


where  q  is  the  mean  value  of  heat  of  fmx  assumed  to  be  proportional  to  the  energy  consumption 
PiXo/2.  The  final  gap  width  ^  between  the  bottom  of  the  channel  and  the  surface  of  explosive  at  the 
moment  of  collapse  of  the  gas  (air)  inclusion  is  neglected  in  (3.1)  as  compared  to  the  initial  air  gap 
dimension  Xo. 

The  usual  one-dimensional  model  considers  a  piston  compressing  gas  in  space  0  <  x  <  Xo  under 
influence  of  the  force  Pi  S,  where  S  is  the  plug  cross  section  area.  The  equation  of  the  plug  motion 
with  due  regard  for  the  resistance  of  a  gas  in  compressed  cavity,  but  neglecting  expansion  of  the 
tube,  compression  of  the  liquid,  and  penetration  of  the  jet  of  nitrogen  into  the  liquid,  has  a  form 


-p!\,4^  =  P,-P  =  P,-P„(x„/x)’'  (3.3) 

dt 

(t  =  0,x  =  Xo,x'  =  0) 

where  y  is  the  polytropyc  exponent  of  the  gas,  P  is  pressure  of  air  in  the  cavity,  Po  is  the  initial 
pressure  (lO^Pa),  Pi  is  pressure  of  nitrogen  in  the  receiver. 

The  first  integral  of  (3.3)  at  dx/'dt=0  has  two  solutions  corresponding  to  initial  and  to  final  conditions 
of  the  first  half-phase  of  the  piston  motion.  The  first  solution  is  trivial,  at  t  =  0,  P  =  Po.  The  second 
solution  gives  parameters  of  the  gas  in  the  gap  between  bottom  of  the  tube  and  the  surface  of  the 
piston  as  well  as  the  gap  width  at  the  moment  of  collision,  when  again  dx/dt=0  (all  the  variables  at 
x'=dx/dt=0  are  noted  by  index  f) 

p,  =  P,l,-’ ;  J  =  e,  =  -  (1  +  p.(y  - 1)/  Po)  (3  4) 

The  final  gap  relative  width  1^  =  Xf/Xo  is  calculated  from  equation 

'^ = 1  -  ^ 

The  maximal  heat  flux  at  the  moment  of  impingement  is 

q„  =  (2>./x,)(T,-T.°)  (3.6) 

where  Ts  is  temperature  of  the  surface  of  explosive  at  the  outset  of  the  ignition  process 


^=e;  =  (b+e,)(b  +  i)-' 


(3.7) 


where  b  =  |(Xcp)^  /  {^p)^  j 

Indices  g  and  $  relate  to  the  gas  in  the  cavity  and  to  the  surface  of  EM  correspondingly. 
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Combining  equations  (3.1)  and  (3.4)-(3.7)  we  have 


^  \ff±Acp(T,^T,y') 

a[  J 


r-i 

2r-J 


where 


A  =  {y-  Ijir-' 


1- 


r-5 

2.V-1 

(3.8) 


in  the  range  of  10<  P,  <20  atm  1/A=  1.90+0.05. 

Constant  k  in  (3. 1)  and  (3.8),  on  the  one  hand,  includes  the  heat  losses  at  ignition,  and,  on  the  other 
hand,  it  allows  to  correct  the  heat  flux  value  which  probably  is  higher  than  the  value  given  by  the 
expression  (3.6). 

Assuming  for  nitroglycol  (NGL)  the  constants  “  0.25  W/(m.K),  c  *=  1.6  kJ/  (kg.K), 
p=  1500  kg/m^,  Ts  =  640  K  (approximate  value  of  the  criticaJ  temperature  of  NGL),  To  =  293  K, 
k=l,  and  for  gas  in  the  cavity  y  =  1.4,  and  kg  =  0.1  W/(m.K)  we  obtain  from  (3.8)  Pcr=  16Po. 
It  is  almost  exactly  the  critical  pressure  n^^ssary  for  ignition  of  NGL  at  version  2  of  U-shaped  tube 
method  (see  Table  1,  and  Figure  2).  For  all  the  other  substances  under  consideration  P^  varies  in  the 
narrow  limits  of  16  ±4  atm.  It  is  absolutely  staggering  result,  the  very  simple  model  gives  in  outlines 
the  very  good  correlation  with  experiment.  It  should  be  stressed  that  equation  (3.8)  in  frill 
accordance  with  Figure  2  demonstrates  independence  of  on  xo.  However  this  relates  only  to  the 
first  group  of  LEM  tested,  precisely  to  the  sensitive  substances  having  Per  in  the  range  of  8  to  23 
atm.  Moreover,  this  approach  does  not  allow  to  distinguish  the  sensitivities  of  different  explosives 
inside  the  group. 

Formula  (3.8)  presumably  gives  just  an  estimation  of  the  critical  condition  of  ignition.  As  a  matter  of 
feet  it  shows  only  that  in  principle  ignition  and  burning  of  a  liquid  are  possible  at  pressure  on  the 
order  of  Per.  Real  development  of  burning  is  connected  eventually  with  conditions  of  deflagration  to 
detonation  transition  (DDT).  It  is  not  possible  now  to  estimate  DDT  critical  parameters.  However 
the  necessaiy  condition  of  burning  and  DDT  might  be  determined.  Obviously  it  would  be  such  a 
velocity  of  gas  and  heat  evolution  after  ignition  at  which  burning  could  not  extinguish  as  a  result  of 
pressure  drop  at  the  liquid  piston  rebound. 

Consequently  the  rate  of  pressure  rise  in  any  case  must  be  not  less  than  absolute  value  of  the 
pressure  drop  velocity  due  to  gas  in  the  cavity  expansion.  Rate  of  pressure  decrease  in  turn  is 
approximately  Pf  divided  by  time  of  expansion,  and  correspondingly  it  is  a  function  of  Pf.  Mean  value 
of  the  rate  is  about  0.3  GPa/ms.  Suggesting  dependence  of  dP/dt  on  Pf;  say  in  form  of  F=F^o(PyPo)“, 
we  obtain 


and  correspondingly 


=  P^ 


=  u^ 


RT 
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Po 


1 


(3.9) 


XeP'o 


UoPRTj 


J'(c-c)+I 


-1 


{r-^y 


where  R  is  the  specific  gas  constant  (-300  J/(kg  K)),  Tp  is  the  adiabatic  temperature  or  burning,  Uo 
and  V  are  constants  of  the  burning  rate  versus  pressure  law. 

The  calculation  results  at  xo=0  04  m,  n=l/2,  R=300  J/(kgK)  and  Po=0.015  GPa/ms  (corresponding 
to  the  mean  value  Pf/Po  -400)  are  collected  in  Table  3. 


TABLE  3 

Comparison  of  the  Results  of  Per  Experimental  and  Theoretical  Evaluation 


LEM 

Perexp  TPo 

P 

g/cm^ 

Tp, 

K 

Uo, 

mm/s 

v 

p„i/p„ 

version  1 

version  2 

Methylnitrate 

8 

10 

1.2 

3371 

1.2 

1.0 

7.8 

Nitroglycerin 

11 

13 

1.6 

3415 

1.34 

0.956 

10.5 

Nltroglycol 

12.5 

14 

1.5 

3417 

0.29 

0.89 

13.5 

AEDAP 

15 

- 

1.33 

2300 

4 

0.5 

16.9 

DINA 

21.5 

- 

1.5 

3080 

0.4 

0.7 

19.7 

ADN 

23 

- 

1.6 

2053 

6 

0.39 

19.7 

TNT 

80 

82 

1.47 

2042 

0.07 

0.95 

21.1 

Notes:  xo=0.04  m,  Tp,  uo,  v  for  all  the  substances  except  ADN  and  AEDAP  are  taken  from  one  of 
the  author’s  compilation. [10]  For  ADN  AP.Denisyuk  data  arc  utilized,  for  AEDAP  our  estimations 


are  used. [11,12] 

For  all  the  representatives  of  the  first  group  the  calculation  gives  rather  good  fit  to  the  e?^erimental 
results.  TNT  as  well  as  the  second  group  LEM  representatives  ignition  can  not  be  desenbed  by  the 
equation  (3.9).  Presumably  it  would  be  necessary  to  take  into  account  reaction  of  the  tube  walls  and 
compression  of  the  liquid  at  very  high  pressure  Pf.  Of  course  this  means  also  that  still  more  simple 
approach  employing  equation  (3.1)  can  be  utilized  only  for  very  crude  estimations. 

Such  an  estimation  probably  could  be  implemented  however  to  explain  the  results  obtained  with  the 
fallhammer  technique.  Curves  P(t)  show  that  time  of  pressure  rise  varies  in  the  range  of  i.5±0.4  ms, 
in  fact  independently  of  the  load  drop  height.  Period  of  approximate  constancy  of  pressure  near  the 
top  of  P(t)  curve,  which  is  supposed  to  be  the  ignition  characteristic  time,  is  about  0.5  ms,  again 
independently  of  Per.  In  that  event  equation  (3.1)  can  be  used  to  calculate  Pi(xo)  dependence  in  form 


that  qualitatively  corresponds  to  the  experimental  relation  (2.1).  At  thermal  constants  used  above, 
and  at  tj-O.S  ms,  Pf  A  T  =  400  K  and  p  =1 .7  g/cm'  we  have 


P^Xq /  k  =  4  ^(rc/ 4)X c p  AT^t^  =2.610^  Pam 


Comparing  this  with  formula  (2. 1)  we  get  k  -  5. 
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Obviously  the  very  big  energy  losses  (due  to  viscous  resistance  of  the  plastic  material,  its  heating  and 
possible  vaporization,  friction  between  details  of  the  impact  system,  etc.)  take  place  in  this  case. 
Meanwhile  it  would  be  necessary  to  note  that  very  good  correlation  between  results  of  this  test  and 
the  real  conditions  of  ignition  at  proof-firing  are  observed. 


4.  CONCLUSIONS 

Careful  measurements  of  critical  pressure  necessary  for  ignition,  burning  and  explosion  of  a  row 
liquid  energetic  materials  in  U-shaped  steel  tube  under  influence  of  a  jet  of  compressed  gas  are 
performed.  They  show  that  most  of  liquids  capable  to  ignition  at  these  conditions  have  critical 
pressure  in  the  range  of  8  to  23  atm.  After  that  the  jump  of  Per  is  observed,  in  the  region  of  23  to 
lOOatm  only  two  explosives,  melted  TNT,  and  solution  of  DNT  in  nitric  acid  are  located.  The  liquids 
sensitivity  of  which  is  lower  than  that  of  TNT  are  not  ignited  in  U-shaped  tube. 

The  usual  model  including  compression  of  a  gas  between  the  fiat  smooth  surfaces  unexpectedly  gives 
in  general  terms  rather  good  accordance  -with  the  mean  value  of  Per  for  the  group  of  the  most 
sensitive  LEM. 

Thorough  examination  of  the  possible  ways  of  ignition  conducted  in  framework  of  general  ideas  of 
the  burning  theory  leads  to  conclusion  that  main  in  this  respect  feature  of  a  liquid  is  burning  rate 
versus  pressure  dependence.  High  burning  rate,  and  a  big  exponent  of  u(P)  law  provide  easy  positive 
reaction  of  a  liquid  at  the  test  and  give  low  Per  amplitude.  As  these  characteristics  of  burning 
determine  also  probability  of  burning  to  detonation  transition  both  ignition  and  DDT  usually  are 
observed  simultaneously. 

The  experimental  data  received  at  fall  hammer  apparatus  application  show  that  in  outlines  they  are 
consistent  with  the  usual  notions  of  ignition  theory,  on  the  one  hand,  and  with  practice  of  in-bore 
premature  explosions  prevention,  on  the  other  hand. 
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EFFECT  OF  FE2O3  ON  THE  MATERIAL  PROPERTIES  OF 
AP/AL/HTPB  BASED  PROPELLANTS 


J.  M.  Boteler*,  J.  Covino,  and  A.  J.  Lindfors 
ShockA)etonation  Laboratory 
Research  Department 
NAWC,  China  Lake,  Ca. 


ABSTRACT:  Catalytic  quantities  of  Fe203  are  frequently  added  to  certain  propellant  formulations 
to  facilitate  the  characteristic  bum  rate.  Past  studies  have  demonstrated  that  the  addition  of  less  than  2% 
Fe203  in  Ammonium  Perchlorate  (AP)  based  propellants  may  result  in  a  significant  increase  (60- 
70%)  in  the  bum  rate.  The  mechanistic  interpretation  for  this  increase  is  not  well  understood.  Indeed, 
very  little  is  known  regarding  the  role  Fe203  plays  in  the  combustion  process  or  what  effect  it’s 
inclusion  may  have  on  the  mechanical  properties  of  this  class  of  propellants.  With  this  motivation  a 
comprehensive  study  of  both  the  combustion  and  dynamic  properties  of  selected  AP/Al/HTPB 
propellants  was  undertaken  at  NAWC.  Initial  measurements  using  the  closed  bomb  technique  indicate 
that  the  increase  in  bum  rate  is  pressure  dependent  for  these  propellants  and  any  catalytic  effect  due  to 
Fe203  is  lost  above  0.3  Kb^.  To  address  the  safety  issue  of  these  propellants  it  is  desirable  to 
examine  the  material  response  due  to  dynamic  loading  and  high  strain-rate.  These  type  experiments 
closely  approximate  the  likely  hazard  scenarios  which  the  energetic  material  may  experience.  For 
example,  shock  experiments  are  typified  by  large  non-hydrostatic  stresses  and  very  rapid  loading  rate 
such  as  that  imparted  by  fragment  impact. 

Three  formulations  differing  only  in  coarse  AP  particle  size  and  the  addition  of  less  than  1.2%  of 
Fe203  formed  the  basis  of  this  study.  A  total  of  twelve  shock  loading  experiments  were  performed 

for  input  pressures  to  200  Kbar  (2.9x10^  psi).  Shock  Hugoniot  relationships  for  the  three 
formulations  were  determined  and  compared  to  the  Hugoniot  for  high  density  (^94%  TMD)  AP.  The 
experimental  Hugoniots  for  the  formulations  without  Fe203  were  in  good  agreement  widi  the  AP 
Hugoniot.  The  formulation  with  Fe203  demonstrated  a  larger  impedance  than  the  PSI  and  PS2 
formulations.  This  latter  result  is  consistent  with  the  high  strain-rate  experiments  performed  on  a  Split 
Hopkinson  Bar  (SHB)  in  the  compression  mode.  The  yield  and  failure  stress  plotted  as  a  function  of 
strain-rate  were  consistently  higher  for  the  propellant  with  Fe203  .  The  experimental  results  thus 
demonstrate  that  the  addition  of  a  small  amount  of  Fe203  can  measurably  affect  the  mechanical 
response  of  the  propellant  host  material.  Since  the  shock  experiments  attain  pressures  much  greater 
than  the  closed  bomb  experiments,  this  result  also  suggests  that  a  different  mechanism  may  be 
affecting  the  mechanical  response. 


INTRODUCTION 

In  recent  years  extensive  experimental  studies  have  generated  a  wealth  of  information  regarding  the 
inherent  risk  and  performance  tradeoffs  of  certain  Class  1.1  propellant  formulations.  To  date,  the  more 
common  Class  1.3  propellants,  have  not  been  afforded  such  treatment.  In  contrast  to  the  Class  1.1 
propellants,  1.3  propellants  are  widely  believed  to  be  non-detonable  and  essentially  unreactive  at  low 
pressure.  In  this  latter  class  of  propellants  the  Al/AP/HTPB  (Hydroxy-Terminated-Poly-Butadiene) 
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formulations  are  of  special  interest  due  to  their  widespread  usage.  In  the  last  decade  there  have  been 
several  incidents  involving  the  inadvertent  ignition  of  aluminized  AP/HTPB  propellant  grains.  These 
incidents  have  occurred  both  in  military  and  industrial  settings  and  have  given  rise  to  concern  among 
the  propulsion  community  regarding  the  safety  and  hazard  potential  for  deployed  systems  using  these 
formulations.  The  physical  conditions  which  may  drive  these  systems  to  unintentional  ignition  fall  into 
three  categories:  1)  electrostatic  discharge  (BSD)  phenomena,  2)  thermal  (cookoff)  processes,  and  3) 
impact  induced  effects. 

Significant  static  electric  charge  may  accumulate  during  the  routine  handling  and  manufacture  of  sohd 
rocket  motors.  For  example,  potential  charge  build-up  exceeding  several  thousand  volts  has  been 
reported  at  the  end  of  a  mandrel  pull-out  operation  [1].  Several  comprehensive  studies  have  explored 
ESD  and  have  been  instrumental  in  implementing  extensive  changes  in  both  government  and  industrial 
facilities  to  reduce  ESD  hazards. 

Cook-off  is  defined  as  the  violent  response  of  energetic  materials  hi  weapon  systems  exposed  to 
abnormal  thermal  environments  [2].  Several  accidents  involving  fire  on  aircraft  carrier  decks  leading  to 
cook-off  have  occurred  in  the  past.  Thermal  hazard  tests  have  been  performed  by  the  Department  of 
Defense  and  the  Department  of  Energy  over  the  past  30  years.  Such  tests  are  costly,  extremely 
comphcated  and  conducted  in  the  latter  stages  of  a  weapons  development  when  design  changes  are  not 
easily  made.  It  is  thus  prudent  to  assess  the  hazard  potential  of  an  energetic  formulation  prior  to  it 
being  deployed  into  new  or  existing  weapons  platforms  [2]. 

Impact  of  a  bullet  or  fragment  against  a  solid  rocket  motor  can  cause  a  response  ranging  from  no 
reaction  to  full-up  detonation  depending  on  the  impact  geometry  as  well  as  the  velocity  and  mass  of  the 
projectile.  For  very  sensitive  propellants  (Class  1.1),  a  sufficiently  energetic  fragment  can  produce  a 
shock-to-detonation  (SDT)  type  reaction  upon  impact.  In  addition,  a  delayed  detonation  may  result 
from  deflagration  (DDT)  or  other  mechanism  (XDT).  Although  the  physical  processes  involved  in 
SDT  and  to  a  lesser  extent  DDT  are  reasonably  well  understood,  much  effort  has  been  devoted  recently 
to  the  XDT  reactions  which  may  be  far  more  violent. 

In  this  work  we  consider  the  results  of  high  strain-rate  and  shock  loading  experiments  performed  on 
three  AP/Al/HTPB  propellant  formulations,  one  of  which  included  Fe203  as  a  bum  rate  catalyst.  Of 
particular  interest  in  this  study  was  the  role  of  Ammonium  Perchlorate  ( AP)  particle  size  and  the 
function  of  Fe203  in  the  material  response.  We  report  on  the  unreacted  Hugoniot  relationships  and 
discuss  recent  results  on  pre-damaged  propellant  samples.  The  results  reported  here  suggest  that 
Fe203  may  also  play  a  role  in  the  mechanical  response  of  the  propellant  in  addition  to  it’s  better 
known  role  as  a  bum-rate  modifier. 


EXPERIMENTAL 

Sample  Formulation  and  Preparation 

All  propellant  samples  used  for  the  high  strain-rate  and  shock  impact  studies  were  formulated  at 
NAWC.  The  three  propellants  discussed  here  are  designated  as  PSl,  PS2,  and  PS4.  composition  is 
given  in  Table  1. 


TABLE  1 

Propellant  Composition  and  Measured  Density 


Burn  Mod. 
Tvpe/%  wt. 

% 

Solids 

Binder 

Plasticizer 

20/20 

200/50 

29nQ 

none 

90 

HTPB 

DOS 

1.841 

20/20 

400/50 

29/20 

none 

90 

HTPB 

DOS 

1.836 

20/20 

200/48.8 

29/20 

90 

HTPB 

DOS 

1.853 
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As  can  be  seen  by  inspection  of  this  table,  all  propellant  samples  contained  20%  weight  of  29  (jm 
aluminum,  HTPB  binder,  and  DOS  (Dioctyl  Sebacate)  plasticizer.  The  distinction  between  the  PSl 
and  PS2  formulations  was  solely  in  the  coarse  AP  particle  size.  The  PSl  and  PS4  formulations  were 

almost  identical  with  the  exception  of  a  small  amount  (~1.2%)  of  Fe203  as  a  bum  rate  modifier.  The 
iron  oxide  was  provided  by  JPL  and  composed  of  at  least  99%  Fe203  with  particle  size  on  the  order  of 
a  few  microns.  All  formulations  contained  90%  solids  and  the  measured  densities  are  provided  in  the 
last  column  of  this  table. 

For  the  Compression  Hopkinson  bar  experiments,  the  propellant  samples  submitted  for  use  were  cut 
in  the  shape  of  disks  from  uniform  slabs  of  propellant  which  had  been  pre-cut  to  the  desired  thickness. 
The  aspect  ratio  was  determined  by  using  the  results  of  Davies  and  Hunter  [3]  who  derived  an 
expression  for  the  optimum  diameter-to-thickness  ratio  from  basic  energy  considerations  and  stress 
nonuniforraities  induced  by  inertia.  They  found  that  an  acceptable  design  criterion  for  the  sample 
aspect  ratio  is  given  by, 


diameter  _  2  -  n  o-i  /i\ 

thickness  ~  '  ^  ^ 

where  v  is  Poisson's  ratio  and  is  taken  to  be  0.5  for  the  purposes  of  this  study  (see  for  example  [4]). 
Although  we  attempted  to  adhere  to  ]^n.  (1),  the  material  pliability  resulted  in  a  10-15  %  scatter  about 
the  2.31  value.  In  addition,  to  minimize  frictional  effects  between  the  bars  and  the  sample,  a  very  thin 
layer  of  molybdenum  disulfide  was  used  to  coat  the  loading  surfaces. 

Target  samples  for  the  shock  impact  experiments  were  either  guillotined,  or  machined  from  bulk 
blocks,  into  100  mm  diameter  slabs  6.25  mm  thick  (nominal).  Prior  to  target  assembly,  the  samples 
were  measured  for  uniformity  and  ambient  density.  All  samples  for  each  propellant  formulation  were 
obtained  from  the  same  material  batch  in  order  to  minimize  density  fluctuations. 


High  Strain-Rate  Experiments 

The  high  strain-rate  experiments  were  performed  at  NAWC  on  a  split  Hopkinson  bar  (SHB)  operated 
in  the  compression  mode.  The  bar  was  manufactured  by  California  Research  and  Technology  and  is  of 
typical  design.  A  schematic  of  the  NAWC  Split-Hopkinson  Bar  (SHB)  apparatus  is  shown  in  Fig.l. 


FIGURE  1.  Schematic  of  Hopkinson  Bar  Instrument 

The  sample  to  be  studied,  with  thickness  4,  diameter  and  crossection  area  was  sandwiched 
between  two  steel  bars  16  mm  in  diameter  labeled  in  the  figure  as  the  incident  and  transmit  bars. 

These  bars  are  fabricated  from  4150  steel  with  a  measured  density  of  7.828  g/cc  and  sound  velocity  of 
5  Km/s.  Two  pairs  of  strain  gauges  are  located  on  the  bars  equidistant  from  the  sample.  The  two  strain 
gauges  comprising  each  pair  are  bonded  to  the  bar  opposite  to  each  other  to 
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effectively  cancel  out  any  bending  wave  contribution.  Each  gauge  pair  is  connected  to  a  balanced 
bridge  network  and  the  output  is  displayed  on  a  digitizing  oscilloscope.  For  each  experiment  the  striker 
bar  is  accelerated  by  a  compressed  gas  gun  and  impacts  the  incident  bar  with  a  velocity  measured 
by  an  interval  counter.  A  one  dimensional  compression  wave  propagates  down  the  incident  bar  with 
amplimdeEjand  a  pulse  length  that  is  large  compared  to  the  sample  thickness  4.  Upon  reaching  the  test 
sample,  part  of  the  compressive  pulse  is  transmitted  through  the  sample  with  amplitude  and  part  is 
reflected  with  amplitude  due  to  the  impedance  mismatch.  The  stress  within  the  sample  is  considered 
to  be  uniformly  distributed.  It  is  easily  shown  [5]  that  three  equations  may  be  derived  to  describe  the 
stress,  strain  rale  and  resultant  strain  within  the  sample.  These  are  given  by. 


o-(t)  =  Eq 


£j.,  and 


f(0  = 


\^S  J 


(2) 


Where,  cT(t)  is  the  stress  in  the  sample  at  time ’t',  Eq  is  Young's  modulus,  Aq  and  As  are  the  cross- 
sectional  areas  of  the  bar  and  sample  and  Cq  is  the  sound  speed  in  the  bar.  The  strain  is  determined  by 
integrating  over  the  duration  of  the  compressive  pulse,  which  is  280  fis  for  the  NAWC  Hopkinson 
bar. 


Shock  Loading  Experiments 

The  unreacted  Hugoniots  of  the  three  class  1.3  propellants  were  investigated  by  shock  loading 
experiments.  Shock  waves  were  generated  by  planar  impact  in  a  75  mm  single  stage  powder  gun. 

In  Situ  manganin  and  PVDF  stress  gauges  recorded  pressure-time  histories  up  to  200  Kbar. 

The  target  assembly  consisted  of  a  buffer  plate  (driver)  and  two  or  more  propellant  slabs.  Teflon 
armored  gauge  packages  were  placed  at  each  interface.  For  longitudinal  stress  less  than  75  Kbar, 
piezoresistive  manganin  gauges  were  used;  otherwise,  Bauer  type  PVDF  piezoelectric  gauges  were 
employed.  The  stress  gauges  provided  time  of  arrival  for  the  shock  wave  in  addition  to  the  pressure 
histories.  A  small  layer  of  urethane  adhesive  was  used  to  fill  any  surface  voids  and  bond  the  slabs 
together. 

Impact  configurations  were  planar  and  symmetric.  Tilt  was  measured  to  be  1  mihradian  or  less.  In 
order  to  achieve  the  desired  stress  range,  three  impact/buffer  materials  were  used:  PMMA,  2024T-4 
aluminum  (Al),  and  304  stainless  steel  (SS).  With  these  materials,  and  projectile  velocities 
approaching  1.9  mm/|LLs,  peak  input  pressures  to  140  Kbar  were  attained.  Data  from  two  shots 
performed  at  LLNL  extended  the  data  set  to  roughly  200  Kbar  For  PSl  and  PS2  [6]. 


EXPERIMENTAL  RESULTS  AND  ANALYSIS 

Hopkinson  Bar 

Because  the  strain  rate  is  not  truly  constant  for  the  entire  pulse  duration,  care  must  be  exercised  in 
assigning  a  value.  Figure  2.  (a)  &  (b)  show  graphically  how  the  strain  rates  were  determined  for  PS-4. 
The  strain  rate  was  determined  from  the  slope  of  the  strain  versus  time  plots  presented  in  Fig. 2.  (a)  The 
most  linear  portion  of  this  curve  was  selected  as  the  value  to  be  used.  This  section  is  highlighted  in 
Fig.  2.(a)  by  the  darker  line  and  the  dotted  lines  in  Fig.  2.  (b)  representing  the  strain  rate  versus  time 
profiles.  In  the  latter  figure  the  strain-rate  values  have  been  annotated  above  each  curve.  Inspection  of 
Fig. 2  (a  &b)  also  shows  the  nonlinear  variation  of  strain  rate  which  occurs  early  in  the  compressive 
pulse.  Note  that  the  dotted  lines  in  Fig  2  (b)  have  been  extrapolated  to  the  axis  edge  for  convenience  of 
viewing.  Discussion  of  wave  dispersion  and  other  contributing  factors  to  the  nonlinearity  may  be 
found  in  several  published  works  [7,  8],  Similar  plots  are  found  for  the  PSl  and  PS2  samples  for 
approximately  the  same  strain  rates. 
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FIGURE  2.  (a)  Strain  versus  Time  plot  for  PS4,  (b)  Strain  Rate  versus  Time  plot  for  PS4. 


The  stress-strain  behavior  was  calculated  as  a  function  of  time  using  Eqtns.  (1).  The  stress-strain 
curves  for  PS-1,  PS-2,  and  PS-4  formulated  propellants  are  shown  in  Figs.  3  a,b,c  respectively.  For 
each  propeUant  formulation,  the  figure  shows  a  family  of  curves,  one  at  each  strain  rate.  Note  that  each 
curve  in  this  figure  was  averaged  over  several  experiments  conducted  at  the  same  strain  rate. 

A  typical  stress-strain  curve  exhibits  a  brief  elastic  response  before  a  yield  point.  A  fairly  sharp 
maximum  is  reached  immediately  preceding  a  negative  downward  slope.  It  should  be  noted  that  no 
attempt  has  been  made  to  correct  for  wave  dispersion  or  nonuniform  deformation.  The  stress  is 
considered  to  be  the  average  stress  throughout  the  sample.  The  true  stress  may  be  calculated  from  the 
engineering  stress;  (Jj  =  cTg^g(l-£). 


ANALYSIS  OF  SHB  RESULTS 

As  noted  in  the  preceding  section  the  stress-sh-ain  curves  display  several  features  which  are 
worth  investigating.  The  parameters  which  may  be  measured  from  the  stress-sfrain  curves  are 
illustrated  in  the  generic  curve  shown  in  Fig.  4.  This  figure  was  provided  by  Lieb  [9].  The  elastic 
modulus  (E)  corresponds  to  the  linear  (Hookian)  portion  of  the  curve  which  begins  to  yield  at  a  certain 

stress  Gy,  and  strain  Ey.  A  typical  curve  will  also  exhibit  a  maximum  stress  and  strain  (a^,  e J  and  a 
failure  stress  and  strain  (Gp,  Ep).  The  data  collected  in  this  study  were  examined  for  these  principle 
featoes.  The  oscillations  at  the  leading  edge  of  the  compression  pulse  are  called  Pochhammer-Chree 
oscillations  (see  for  example  Fig.  2.b.).  They  are  due  to  dispersion  of  the  initial 


FIGURE  3.  Average  Stress-Strain  Curves  for  (a)  PSl,  (b)  PS2,  and  (c)  PS4. 


Intersection  of  the  two  Lines 
defines  the  Point  of  Failure 


FIGURE  4.  Diagram  of  a  Generic  Stress-Strain  Curve  Indicating  Parameters  of  Interest  [9]. 

wave.  These  nonlinearities  made  determination  of  the  elastic  modulus  unreliable  and  will  not  be 
reported  here.  The  yield  stress  for  each  curve  was  determined  and  is  plotted  as  a  function  of  strain  rate 
in  Fig.  5  a.  The  stress-strain  figures  also  indicate  what  appears  to  be  a  failure  stress  which  has  been 
plotted  for  each  curve  and  is  presented  in  Fig.  5  b.  The  least  square  fit  for  each  data  set  is  indicated  in 
these  figures  by  the  dotted  lines  with  the  corresponding  goodness  of  fit  provided  in  the  figure  legend. 
Trends  in  the  plotted  data  are  readily  apparent  in  these  figures.  The  average  yield  stress  and  fail  stress 
are  observed  to  increase  with  strain  rate.  The  largest  yield  and  fail  stress  is  exhibited  by  the  PS-4 
formulation.  Although  we  have  identified  failure  stress  on  the  curves,  it  is  not  clear  that  they  indicate 
true  material  failure  since  they  occur  near  the  end  of  the  pulse  when  die  energy  is  rapidly  diminishing 
[10].  The  plastic  portion  of  the  stress  strain  curves  suggests  that  work  hardening  is  taking  place  similar 
to  that  shown  by  certain  thermoplastic  elastomer  (TPE)  propellant  formulations  utilizing  CL-20  and 
TNAZ[10]. 
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FIGURE  5.  (a)  Yield  Stress  and  (b)  Fail  Stress  versus  Strain  Rate. 
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Results  of  Impact  Experiments 

A  total  of  seventeen  shock  experiments  were  performed  in  the  course  of  this  study;  twelve  experiments 
to  establish  the  unreacted  Hugoniots  of  the  three  propellants,  and  five  experiments  to  explore  the 
dynamic  response  of  pre-damaged  propellant  samples.  In  this  report  we  address  only  the  unreacted 
Hugoniots.  A  discussion  of  the  damaged  propellant  response  may  be  found  elsewhere  [11]. 

Experimental  results  for  the  pristine  samples  are  given  in  Table  3.  The  ^ot  number  given  in  column  1 
and  the  impactor/buffer  material  type  is  indicated  in  column  2.  Projectile  velocity,  shock  velocity, 
particle  velocity  and  peak  pressure  are  given  in  columns  3-6,  respectively.  The  peak  pressure  was 
measured  at  the  buffer-sample  interface.  The  best  fit,  linear  US"Up  relationship  for  each  propellant  is 
indicated  in  Figures  6  a,  b  and  c.  The  error  in  shock  velocity  is  due  to  the  uncertainty  in  arrival  time. 
The  PSl  and  PS2  Hugoniots  include  two  high  pressure  data  points  provided  by  LLNL  [6].  Our  results 
compare  favorably  with  the  shock  Hugoniot  for  pure  AP  (TMD=1.95  g/cc)  as  reported  by  Sandstrom 
et  al.  [12].  This  is  indicated  by  the  dotted  lines  in  this  figure.  Below  50  Kbar  the  three  Hugoniots  are 
indistinguishable  from  the  AP  Hugoniot,  within  experimental  error.  At  higher  input  pressure  the  PS4 
Hugoniot  begins  to  diverge,  becoming  stiffer  at  higher  pressure.  This  observation  is  consistent  with 
the  reported  stress-strain  data  for  this  material  [13].  For  completeness,  the  Hugoniots  for  all  three 
propellant  formulations  are  plotted  in  Figures  6  (d)  and  (e)  in  both  P-Up  and  P-V  space. 


TABLE  3 


Experimental  Results  For  Undamaged  Materials 


SHOT  1 

FLYER/BUFFER 

MATERIAL 

IMPACT 
i  VELOCITY 

1  (mm/us) 

[  SHOCK 

VELOCITY 
(mm/us) 

1  PARTICLE 
i  VELOCITY 
(mm/us) 

SHOCK 

PRESSURE 

(Kbar) 

2PS1  1 

2024A1/2024A1 

1  1.37 

4.11 

0.93 

70 

3PS1  : 

PMMA/PMMA 

i  1.04 

3.30 

0.40 

27 

4PS1  1 

PMMA/PMMA 

i  1.41 

3.59 

0.56 

38 

1PS2  I 

PMMA/PMMA 

!  1.06 

3.32 

043 

26 

2PS2  1 

2024Aiy2024Al 

1  1.26 

^  4.20 

0.86 

66 

3PS2  1 

2024A1/2024A1 

1  1.05 

3.98 

0.72 

52 

1PS4  i 

PMMA/PMMA 

0.76 

2.82 

0.33 

17 

2PS4  I 

PMMA/PMMA 

1.06 

3.62 

0.38 

26 

3PS4  I 

2024AI/2024A1 

1.07 

3.99 

0.72 

54 

4PS4  I 

2024A1/2024A1 

1.16 

3.94 

0.80 

59 

5PS4  ! 

304SS/304SS 

1.66  i 

4.90 

1.20  1 

109 

6PS4  1 

304SS/304SS 

1.60  i 

5.10 

1.43  j 

135 

The  last  experiment  in  the  shock  series  (Shot  6PS4)  was  designed  to  search  for  any  evidence  of 
reactivity  in  the  pristine  PS4  material.  Four  PVDF  gauges  were  embedded  between  four  PS4  samples 
noininally  6.25  mm  thick.  Figure  7  represents  the  pressure  time  histories  for  this  experiment.  For 
clarity,  the  records  have  been  truncated  to  show  only  the  first  0.5  fis  of  gauge  response.  The  measured 
input  pressure  at  gauge  #  1  is  135  Kbar  and  grows  to  210  Kbar  at  gauge  #  4  after  the  shock  has 
transited  19  mm  of  material.  Such  a  pressure  evolution  is  indicative  of  chemical  reactivity  feeding  the 
shock  front.  These  observations  are  in  agreement  with  the  findings  of  Bai  and  Ding  [14],  Bai  et  al. 

[15]  and  Huang  et  al.  [16]  for  a  similar  propellant  formulation.  T^ese  studies  suggest  that 
AP/AITHTPB  type  propellants  begin  to  decompose  behind  a  140  Kbar  shock  front.  Bai  et  al.  [15] 
observed  two  distinct  peaks  in  the  pressure-time  profiles,  one  at  or  near  the  shock  front  and  a  second 
occurring  1-2  |is  later.  They  conclude  that  the  observed  increase  of  pressure  behind  the  shock  front 
(first  peak)  is  primarily  due  to  the  shock  decomposition  of  AP  and  HTPB,  and  the  second  peak  is  due 
to  the  reaction  between  these  products  and  the  Al. 
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Shock  Pressure  (Kbar)  ^  Shock  Velocity  (mm/^s) 


DISCUSSION 


The  experimental  data  which  we  have  presented  for  the  Fe203  formulated  propellant  strongly  suggests 
that  the  dynamic  mechanical  response  differs  measurably  from  similar  formulations  without  Fe203. 
Split  Hopkinson  Bar  data  indicates  that  at  equivalent  strain  rates  the  PS4  formulation  appears  more 
stiff  than  the  PS  1  and  PS2  formulations,  yielding  at  a  larger  stress  and  strain.  Similarly  the  shock 
compression  studies  show  a  Hugoniot  for  PS4  which  is  characteristic  of  a  material  of  higher 
impedance  than  PSl,  PS2,  or  solid  AP.  In  contrast,  within  experimental  error,  the  PSl  and  PS2 
formulations  do  not  appreciably  differ  from  the  solid  AP  Hugoniot  as  reported  by  Sandstrom  [12]. 
These  results  suggest  that  the  effect  of  AP  particle  size  on  shock  response  is  negligible  in  comparison 
to  the  addition  of  Fe203  which  appears  to  "stiffen"  the  host  materii .  This  latter  result  is  consistent 
with  the  recent  findings  of  DeFusco  and  Shanholtz  at  the  Allegany  Ballistics  Laboratory  [17].  Tliey 
found  that  the  elastic  modulus  increased  in  AP/AL/HTPB  class  propellants  containing  Fe203.  The 
modulus  was  also  observed  to  increase  with  increasing  Fe^Og  content  (0.2- 1.5  %  by  weight). 

One  of  the  authors  (A.J.L.)  has  recently  conducted  shock  experiments  on  the  PS2,  and  PS4 
formulations  (PSl  series  is  in  progress)  which  have  been  subjected  to  tensile  strain  of  5%,  10%,  and 
15  %  along  an  axis  orthogonal  to  the  shock  loading  direction.  The  introduction  of  voids  via  de- wetting 
is  expected  to  faciHtate  hot-spot  development  and  hence  increase  propellant  sensitivity.  Ind^d  the 
“damaged”  PS2  formulation  clearly  demonstrates  a  more  shock  sensitive  system  and  a  family  of 
porous  Hugoniots  which  reflect  the  induced  void  content  (see  for  example  Boteler  and  Lindfors  [11]). 
By  contrast,  the  PS4  formulation  which  also  demonstrates  increased  reactivity,  displays  nearly  the 
same  Hugoniot  as  the  pristine  material  irrespective  of  the  measured  void  content,  again  suggesting  that 
the  PS4  formulation  is  mechanically  different  due  to  the  Fe203. 

Fe203  is  normally  added  to  the  propellant  formulation  as  a  bum  rate  catalyst.  Low  pressure  closed- 
bomb  experiments  performed  by  Atwood  et  al.  [18]  and  Pauli  et  al.  [19]  confirm  the  catalytic  effect  at 
both  ambient  and  elevated  temperatures.  However,  as  pointed  out  by  Pauli  [19],  at  roughly  0.3  Kbar 

(«  4000  psi)  the  bum  rates  for  all  three  formulations  merge,  signifying  the  apparent  loss  of  any 
catalytic  effect  due  to  the  Fe203.  Although  the  mechanism  responsible  for  this  behavior  is  not 
understood,  it  would  appear  to  be  different  from  the  mechanism  responsible  for  the  PS4  dynamic 
response,  or  possibly  a  different  manifestation  of  the  same  mechanism.  When  comparing  the  low 
pressure  closed-bomb  studies  to  the  shock  experiments  it  is  important  to  point  out  that  the  former  are 
essentially  hydrostatic  whereas  the  latter  are  highly  nonhydrostatic.  This  difference  is  nontrivial  and 
may  account  for  some  of  the  observed  behavior. 

In  summary,  we  have  found  that  the  inclusion  of  Fe203  into  the  formulation  not  only  influences  the 
propellant  bum  rate  but  its  mechanical  properties  as  well.  Similarly,  the  coarse  AP  particle  size  for  PSl 

(200  |im)  and  PS2  (400  jim)  also  affects  the  bum  rate  with  the  PS  1  bum  rate  slightly  faster  than  the 
PS2  [19].  However,  the  AP  particle  size  has  little  affect  on  the  dynamic  response  for  the  strain-rates 
and  longitudinal  stresses  considered  in  this  study.  Thus,  when  considering  hazard  scenarios  it 
important  to  take  into  account  aU  material  responses.  The  addition  of  even  very  small  amounts  of  a 
substance  to  impart  a  desired  effect  may  also  alter  the  mechanical  response  of  the  material  making  it 
stronger  or  more  vulnerable. 

Future  experimental  and  computational  work  is  necessary  on  the  Fe203-HTPB  system  to  identify  the 
bonding  chemistry.  In  addition  to  NMR,  EPR,  and  magnetic  susceptibility  experiments,  molecular 
orbital  calculations  would  be  very  useful. 
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COMMENTS 


1.  Mr.  G.  Doriath,  SNPE.  Centre  de  Recherches  du  Bouchet,  France. 

Why  is  it  necessary  to  offer  a  chemical  explanation  for  the  interaction  between  HTPB  binder  and 
Fe,03?  As  FCjOj  particles  are  much  smaller  than  AP  and  Aluminum  particles,  they  could  induce 
a  high  strain  rate  “physical”  effect  which  also  increases  the  stiffness  of  the  propellant.  If  we 
consider  a  chemical  effect,  it  could  be  due  to  the  contribution  of  the  bonding  agent. 

Authors’  Reply: 

One  must  be  careful  when  making  a  distinction  between  “physical”  and  “chemical”  effects.  Q" 
bonding  is  common  to  physicists  as  well  as  chemists.  The  Fe^Oj  particles  used  in  this  study  were 
~  5um  in  size.  For  a  sufficient  quantify,  the  impedance  mismatch  could  account  for  an  apparent 
stiffening”  of  the  material.  However,  it  is  unlikely  that  1.2%  by  weight  is  an  adequate  quantity. 
In  the  Authors’  opinion,  the  H-bonding  scheme  is  a  more  likely  explanation,  though  either  may 
easily  be  tested  for.  Since  the  same  bonding  agent  was  added  to  both  PS-1  and  PS-4 
formulations,  it  is  not  clear  to  the  Authors  how  it  may  contribute  to  the  observed  differences. 
Your  comment  is  appreciated. 

2.  Dr.  H.  Singh,  HEMRL  Pune,  India. 

Any  specific  reason  for  choosing  Fe^O.-based  compositions?  Copper  chromite  and  Butyl 
ferrocene-based  compositions  produce  better  bum  rates  (catalysts).  How  are  the  rates  generated 
with  Fe^Oj  comparable  with  those  generated  with  the  above  catalysts? 

Authors’  Reply; 

The  effects  of  Copper  chromite  were  not  studied. 
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THERMOMECHANICAL  ASPECTS  OF  ENERGETIC  CRYSTAL  COMBUSTION 


R.W.  Armstrong^,  W.L.  Elban^,  A.L.  Ramaswamy^,  and  C.Cm.  Wu^ 
^University  of  Maryland,  College  Park,  MD  20742;  ^ Loyola  College, 
Baltimore,  MD  21210;  ^Naval  Research  Laboratory,  Washington,  DC  20375. 


ABSTRACT:  The  lower  thermal  conductivity,  larger  elastic  compliance, 
and  greater  brittleness  of  a  typical  energetic  crystal  contribute  to 
the  importance  of  thermomechanical  influences  on  combustion  and 
initiation  of  explosion  behavior.  For  example,  recent  laser- induced 
localized  heating  experiments  conducted  on  RDX  and  AP  crystal  surfaces 
have  revealed  networks  of  microscopic  cracks  in  association  with  the 
initiation  of  chemical  decomposition.  The  crystallographically- 
determined  ultrafine  crack  networks  (that  have  been  traced  in  AP  to 
the  orthorhombic  to  rocksalt  structure -type  phase  transformation  as 
well)  are  associated,  in  turn,  with  the  greater  hardnesses  of 
energetic  crystals.  The  coupled  hardness  and  brittleness  properties 
are  attributed  to  the  difficulty  of  initiating  viscoplastic  flow  by 
dislocation  movement,  as  illustrated  on  a  hardness  stress-strain 
basis.  In  this  respect,  recent  results  obtained  here  that  show 
comparable  hardnesses  of  ADN  and  RDX  crystals  are  in  agreement  with 
a  report  of  comparable  drop-weight  impact  sensitivities,  A 
dislocation  pile-up  avalanche  explanation  of  such  drop-weight  impact 
sensitivity  measurements  is  related  to  model  calculations  of  thermally 
induced  explosive  decompositions.  The  dependence  of  impact 
sensitivity  on  crystal  size  is  of  special  interest  because  of  the 
possibility  of  relation  to  crystal  size  effects  that  are  reported  for 
the  pressure  dependencies  of  burning  rates. 


Introduction 

Early  work  on  the  safe,  effective,  use  of  explosives  was  based  in 
chemistry,  say,  stemming  from  the  time  of  Nobel,  whose  inventions  of 
a  mercury  percussion  cap,  kieselguhr  dynamite  (nitroglycerine) ,  and 
blasting  gelatine,  were  coupled  with  a  business  acumen  that  provided 
for  a  number  of  continuing  Nobel  enterprises,  not  the  least  of  which 
is  the  world  reknown  Nobel  Prize  activity  [1]  .  The  first  Nobel  prizes 
in  1901:  in  chemistry  to  J.H,  van't  Hoff  for  chemical  reaction  studies 
and  osmotic  pressure;  and,  in  physics  to  W.C.  Roentgen  for  the 
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discovery  of  x-rays,  represented  fundamental  research  accomplishments 
that  continue  to  provide  a  basis  for  modern  research  activities  aimed 
at  achieving  a  better  understanding  of,  and  improving  upon,  the 
properties  of  energetic  materials  and  chemical  propulsion  systems. 
S.A.  Arrhenius  received  the  third  Nobel  prize  in  chemistry  in  1903. 
The  powerful  secondary  explosives,  cyclotrimethylenetrinitramine 
(RDX),  cyclotetramethylenetetranitramine  (HMX) ,  and  pentaerythritol 
tetranitrate  (PETN) ,  were  synthesized  near  to  the  turn  of  the  century. 

Modern  challenges  in  propellant  system  development  cover  a  wide  range 
of  considerations.  On  the  experimental  frontier:  a  start  has  been 
made  in  applying  x-ray  diffraction  imaging  (topography)  to  the 
systematic  characterization  of  growth  sector  and  dislocation 
structures  that  are  produced  within  the  volumes  of  energetic  crystals 
conventionally  grown  from  supersaturated  solvent  solutions  [2] ;  mass 
spectrometry  observations  are  being  made  of  reaction  products 
generated  at  the  initial  stages  of  chemical  decomposition  under 
controlled  temperature  and  pressure  conditions  [3]  ;  laser-induced 
fluorescence  imaging  absorption  diagnostics  are  being  applied  to 
studying  the  chemical  evolution  of  reactant  species  near  to  the 
combustion  interface  [4] ;  nanoscale  atomic  force  microscopy  methods 
are  being  applied  to  assessing  thermally-  or  mechanically-induced 
damage  mechanisms  within  affected  energetic  material  systems  [5] ;  and, 
engineering  test  systems  are  being  designed,  and  evaluated,  to  track 
the  relevant  scale  of  potentially  hazardous  events  occurring  in 
propellant  system  operations  [6] . 

On  the  theoretical  frontier,  extensive  work  is  being  done  to  establish 
the  hierarchical  set  of  chemical  reactions  that  are  potentially 
involved  in  energetic  material  decompositions  [7] .  Consideration  of 
the  fastest  chemical  reaction  rates,  suggestive  of  starvation  kinetics 
[8]  ,  or  the  possibility  of  even  faster  physical  kinetics  [9]  or 
mechanoelectronic  excitations  at  a  propagating  shock  front  [10-12]  are 
active  research  topics.  And,  then,  there  are  special  considerations 
particular  to  the  model  lattice  and  structural  defect  characteristics 
of  energetic  crystal  behaviors  when  subjected  to  thermal  or  mechanical 
forces,  say,  as  invoked  in  the  proposed  "steric  hindrance"  of 
energetic  crystal  lattices  under  shock  deformation  conditions  [13] 
and,  also,  assessment  of  relative  stress  levels  involved  in  the 
competition  between  viscoplastically  hindered  dislocation  motion  on 
limited  deformation  systems  and  dislocation  crack-producing  reactions 
on  potential  cleavage  systems  [14] . 


Crystal  Morphologies  and  Internal  Structures 

Different  crystallographic  surfaces  and  internal  perfections  are 
produced  during  the  conventional  growth  of  energetic  crystals  from  a 
variety  of  supersaturated  solvent  solutions.  RDX,  with  an 
orthorhombic  crystal  structure,  provides  an  important  example  system 
that  has  been  studied  by  a  number  of  investigators  [15-18] .  Figure 


314 


■'1 


:'V-% 


“>  'f-y  t 


X 


^BiSl  9^91-.^4  /a2; 


?'■' 


mm 


ri<m 


.■yyyy 


x 


'¥\i:i/ 
( 


Figure  Ic .  (210)  x-ray  diffraction  image  of  dislocation  bundles. 

Figure  Id.  Crystal  with  triangular  pits  at  exposed  growth  surfaces 

Figure  1.  RDX  crystal  morphologies,  growth  sectors  and  dislocations 


la  shows  a  typical  commercial  crystal  growth  morphology  for  a  crystal 
of  several  hundred  micrometers  size  and,  lb,  growth  sectors  within  a 
sectioned  crystal  [15]  .  The  external  growth  planes  and  their 
internal  traces  within  the  individual  growth  sectors  have  been 


identified  in  Figure  1  on  the  basis  of  a  stereographic  projection 
method  of  analysis  [17j  , 


Figure  Ic  shows  by  comparison  with  la,b  an  internal  dislocation  growth 
structure  that  has  been  revealed  by  Lang  transmission  x-ray 
diffraction  imaging  [16]  .  The  surface-terminating  dislocation  lines 
are  proposed  to  have  participated  in  the  cirystal  formation  process  by 
producing  a  spiral  terraced  structure  of  ledges  that  propagated,  in 
normal  fashion,  rather  more  slowly  across  the  {ill} -type  surface 
planes  [19] .  Returning  to  Figure  la,  then,  four  probable  dislocation 
emergence  sites  are  identified  by  the  letters  A-D  at  "pill  box" 
structures  on  the  identified  (ill)  surface  planes.  The  reversed 
situation  is  shown  for  another  RDX  crystal  [20]  in  Figure  Id  whereby 
the  spread  of  terraced  ledges  across  {ill}  and,  presumably,  {102} 
planes  must  be  relatively  fast  so  that  apparent  pits  are  produced  at 
the  dislocation  emergence  sites.  In  either  case,  the  external  growth 
morphologies  of  energetic  crystals  are  shown  to  be  indicative  also  of 
particular  dislocation  distributions  within  the  crystals  [21] . 


Laser- Induced  Thermomechanical  Influences 

A  fundamental  role  for  the  involvement  of  viscoplastic  deformation  and 
cleavage  cracking  in  the  thermal  decomposition  of  laboratory- grown  RDX 
crystals  was  established  for  localized  melting  induced  by  a  grazing 
laser  beam  impinging  on  pre- damaged  hardness  indentation  sites  [22]  . 
Figure  2  shows  a  sm.aller,  thermally- induced,  microcracking  network 
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Figure  2.  Laboratory-produced  RDX  crystal  of  1.0  cm  size,  with 
identified  growth  surfaces  and  stereographic  projection  for  planes 
(closed  circles) ,  directions  (open  circles) ,  and  Knoop  indentation 
experiment  shown  below  where  laser  heating  has  produced  localized 
decomposition  in  the  indentation  strain  field. 

initiated  within  a  larger  laser- irradiated  area  encompassing  the  top 
edge  of  the  tip  of  a  pre- indented  horizontal  Knoop  microhardness 
impression.  A  schematic  view  of  the  crystal  and  matching 
stereographic  projection  description  for  the  irradiated  (210)  surface 
containing  the  Knoop  indentation  are  shown  also  in  the  Figure.  The 
long  axis  of  the  Knoop  indentation  is  aligned  along  the  [120] 
direction.  A  vertical  spacing  of  approximately  10  micrometers  applies 
for  the  smallest,  horizontal,  (001)  cleavage  cracks  that  are  joined 
by  nearly  vertical,  and  deeper,  (010)  and  (241)  cleavage  cracks.  The 
experiment  demonstrated  that  pre-existent  defect  structures  are 
preferred  sites  for  chemical  decomposition.  Similar  results  have  been 
reported  for  shock- loaded  crystals  of  AP  [23]  . 


Figure  3a.  Schematic  of  8  ns,  amplified  160-250  mJ,  laser  experiment 


Figure  3b.  (010)  and  subsurface  (OCl)  laser  damage  in  AP  crystal 

Figure  3 .  Nanosecond  laser-induced  cracking  and  decomposition  in  AP 


A  more  detailed  study  has  been  made  of  laser- induced  chemical 
decomposition  on  laboratory- grown  ammonium,  perchlorate  (AP)  crystal 
surfaces  [24 J  .  Figure  3a  shows  the  schematic  experiment,  in  this 
case,  for  direct  focusing  of  the  laser  beam  onto  the  top  (001)  surface 
of  the  orthorhombic  AP  crystal  structure.  The  near-macroscopic 
consequence  of  laser  irradiation  is  shown  at  relatively  low 
magnification  in  Figure  3b.  The  inclined  black  line  stripes  of  the 
easy  (010)  cleavage  faces  are  identified  in  the  Figure.  A  whitish 
halo  from  sub-suriace  (001)  cleavage  cracking  is  recognizable  at  the 
fragmented  laser  damage  site.  At  larger  magnification,  the  speckled 
background  pattern  that  is  just  recognizable  in  Figure  3b  is  shown  in 
Figure  4a  to  be  composed  of  a  finer  microcracking  network  of  {OlO} 
cracks  generated  after  the  thermially- induced  AF  orthorhombic -to- cubic- 
rocksalt  lattice  transformation  had  occurred.  The  transformation 
temperature  is  reported  to  be  240  C  and  the  cubic  phase  has  a  lower 
density  [25] . 

In  Figure  4a,  the  smaller  squarish  pattern  of  residual  rocksalt-type 
{010}  cleavage  cracks  is  lined  up  with  the  <100>  cube  axes  that  are 
shown  to  be  rotated  about  the  common-  [001]  direction  in  both  the  cubic 
and  orthorhombic  lattice  systems.  In  the  (001)  plane,  the  [010]  cube 
direction  is  parallel  to  the  orthorhombic  [120]  direction.  The 
microcracks,  that  are  almost  optically  invisible  in  the  finer  network, 
have  a  spacing  of  approximately  2-10  micrometers  and  estimated  depths 
of  0.1 -2. 3  micrometers.  Figure  4b  shows  a  complementary  scanning 
electron  microscope  (SEM)  picture  of  the  microcracked  region.  A 


DISLOCATION  MECHANISM  FOR  CRACKING.  R=ROCKSALT 
0=0RTH0RH0MBIC 


Figure  5.  Dislocation  mechanics  description  of  <110>{01l}  slip- 
induced  microcracking  on  {lOO}  cleavage  planes  in  cubic  AP 

degradation  in  AP.  The  SEM  pattern  of  decomposition  sites  appears  to 
match  the  intersection  lines  of  the  microcrack  network  and,  hence, 
there  is  an  indicated  relationship  between  the  microcrack  network  and 
the  earliest  stage  of  thermomechanically- induced  AP  decomposition. 

Figure  5  shows  a  dislocation  mechanics  based  model  that  is  proposed 
to  describe  these  individual  crystal  decomposition  observations.  The 
thermal  expansion  accompanying  localized  heating  of  a  surface  region 
produces  a  biaxial  compressive  stress  in  the  affected  surface  layer 
[22]  .  The  240  C  orthorhombic- to-cubic  phase  transformation  in  AP 
enhances  the  compressive  stress  state  because  of  the  lower  density  of 
the  cubic  phase  [25] .  Dislocation  slip  is  initiated  in  the  affected, 
thin,  surface  layer  on  established  <110>  slip  directions  in  conjugate 
{110}  slip  planes  of  the  cubic  structure.  At  the  internal 
intersection  of  slip  systems,  the  lead  dislocations  will  react  to 
produce  an  embryonic  dislocation-crack  nucleus  in  accordance  with 
dislocation  vector  reactions  of  type: 

(a/2)  [Oil]  (Oil)  +  (a/2)  [Oil]  (Oil)  =  a[010](001). 
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The  presciibed  dislocation  reaction  applies  for  the  front  (100) 
crystal  face  of  Figure  5.  The  reacted  [010]  dislocation  represents 
a  compressive  crack,  with  local  tensile  stress  between  it  and  the  free 
surface,  as  indicated  in  the  Figure.  Under  sufficient  "driving  force" 
from  other  dislocations  piled-up  behind  on  the  same  slip  systems,  the 
embryonic  crack  will  propagate  upwards  to  the  crystal  surface.  In 
addition,  a  substantial  hydrostatic  component  of  stress  is  generated 
in  the  surface  layer  at  the  intersection  of  the  orthogonal  lines  of 
reacted  dislocations,  say,  at  the  intersection  between  the  [100]  line 
direction  for  the  reacted  dislocation  on  the  front  face  of  Figure  5 
and  the  [010]  line  direction  for  the  reacted  dislocation  shown  on  the 
side  (010)  face.  The  consequence  is  to  set-up  a  favorable  stress 
state  for  AP  decomposition  in  this  surface  layer  and,  thus,  a 
thermomechanical  influence  on  the  decomposition  process.  The 
viscoplastic  slip  and  related  cracking  behavior  of  the  energetic 
materials  is  not  dissimilar  to  the  mechanical  property  behavior  of 
ceramic  crystals. 


Crystal -based  Strength  and  Cracking  Properties 


Figure  6.  Hardness  stress-strain  description  of  elastic,  plastic  and 
cracking  behavior  in  RDX,  PETN,  AP  and  related  inert  materials 
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The  relatively  high  hardnesses  of  energetic  crystals,  with  their 
various  degrees  of  compliant  molecular,  hydrogenic  and  ionic  bonding 
in  the  different  lattice  structures,  are  proposed  to  obtain  for  two 
related  crystal  structure  based  reasons:  (1),  there  is  a  limited 
availability  of  slip  and/or  deformation  twinning  systems  to  relieve 
the  application  of  mechanical  forces;  and,  (2),  dislocation  movement 
on  the  limited  deformation  systems  is  particularly  difficult  because 
of  intermolecular  blockages  between  adjacent  outcropping  units  of 
nearest  neighbor  molecules,  in  line  with  the  consideration  mentioned 
earlier  of  "steric  hindrance"  [13]  .  The  energetic  materials  are  known 
to  be  relatively  brittle  and  to  fail  by  cleavage.  Their  indentation 
hardness  properties  are  of  special  interest  because  the  technique 
provides  measureable  permanent  deformation  while  constraining  the 
extent  of  cracking  and,  also,  the  hardness  test  provides  an  index  of 
mechanical  behavior  that  has  been  correlated  experimentally  with 
sensitivity  to  initiation  of  decomposition,  say,  in  drop-weight  impact 
tests . 

Figure  6  gives  evidence  on  an  indentation  hardness  stress-strain  basis 
[27]  for  the  observation  that  energetic  crystals  have  relatively  high 
hardnesses.  A  sequential  elastic-plastic-cracking  dependence  is  shown 
on  a  graphical  log- log  comparison  for  a  hypothetical  ball  indentation 
testing  procedure.  The  hardness  stress  is  the  effective  mean  pressure 
on  the  ball  and  the  hardness  strain  is  the  ratio  of  the  surface- 
projected  contact  diameter  and  ball  diameter.  For  a  plastic 
indentation,  the  hardness  stress  is  obtained  from  the  remnant  areal 
diameter  or  by  converting  the  size  of  a  polygonal  indentation  to  an 
effective  ball  diameter  using  the  "cone  angle"  of  the  sharp  indentor. 
In  this  way,  diamond  pyramid  (Vickers)  hardness  numbers  (VHN)  are 
estimated  to  correspond  to  a  ball  indentation  strain  of  0.375,  as 
shown  at  different  vertical  locations  for  the  VHN  values  on  the  right 
side  of  the  Figure . 

The  solid  and  dashed  lines  beginning  from  the  lowest  hardness  stress- 
strain  values  in  Figure  6  are  for  the  predicted  Hertzian  elastic 
behavior  for  a  ball  indentation  test.  The  lines  are  shifted  upwards 
according  to  the  smaller  elastic  compliances  (greater  stiffnesses)  of 
the  (steel)  ball  and  indented  materials.  For  example,  RDX  and  PETN 
each  have  lower  elastic  moduli,  hence,  greater  elastic  compliances, 
than  sodium  chloride  (NaCl) .  However,  the  typical  VHN  value  shown 
for  the  hardness  of  NaCl  is  significantly  less  (on  this  logarithmic 
scale)  than  that  of  either  RDX  or  PETN.  A  number  of  ball  indentation 
test  measurements  are  shown  (as  open  square  points)  for  RDX,  including 
a  mark  at  the  hardness  strain  where  cracking  first  appeared.  The 
estimated  theoretical  elastic  Hertzian  stress  at  which  cracking  should 
appear  for  the  ball  indentation  test  (with  ball  diameter,  D  =  1.59 
mm)  ,  in  the  absence  of  plastic  deformation,  is  also  shown  at  the 
terminal  point  on  the  dashed  line  for  RDX.  Thus,  plastic  deformation 
is  indicated  to  occur  in  RDX  at  just  less  than  the  theoretical  elastic 
fracture  stress  and  to  promote  subsequent  cracking  of  the  material  at 
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d,  mm 

Figure  7a.  Load  (P)  versus  diagonal  length  (d)  measurements  for  ADN 


a  lower  hardness  stress  than  the  theoretical  value. 

Figure  7a  shows  recent  measurements  of  indentation  load  (P)  versus 
residual  diamond  pyramid  diagonal  length  (d)  values  for  microhardness 
indentations  put  onto  the  (100)  surface  of  an  ammonium  dinitramide 
(ADN)  crystal.  A  model  representation  of  the  monoclinic  ADN  crystal 
structure  is  shown  in  Figure  7b.  The  measurements  were  obtained  under 
low  humidity  conditions  because  of  the  hydroscopic  nature  of  ADN. 
From  the  defined  microhardness  pressure  relationship,  DPH  =  1.8544 
P/d^,  a  relatively  high  value  of  27  kgf/mm^  (265  MPa)  was  determined. 
The  microhardness  value  is  very  nearly  the  same  as  the  typical  value 


b 


Figure  7b.  Unit  cell  structure  for  ADN  with  bond  length  connections 


shown  for  RDX  in  Figure  6 .  The  comparable  hardness  values  for  ADN  and 
RDX  are  in  line  with  a  recent  report  of  comparable  drop  weight  impact 
sensitivities  for  the  two  materials  [28]  ,  and  are  similarly  out  of 
line,  in  agreement  with  the  comparison  made  in  Figure  6,  with 
conventional  correlations  of  strength  properties  and  melting 
temperature.  The  hardness  of  ADN  is  about  2.5  times  greater  than  that 
of  Nad. 

An  indication  of  the  molecular  interactions  involved  in  establishing 
the  presumed  anisotropic  strength  properties  of  ADN  is  given  in  the 
unit  cell  characterization  of  Figure  7b.  Figure  8  gives  an  analogous 
description  for  RDX:  in  8a,  of  the  orthorhombic  unit  cell;  in  8b, 
showing  a  proposed  model  of  the  [loo]  dislocation  Burgers  vector  for 
(040)  planar  slip;  and,  in  8c,  an  example  of  adjacent  molecular 
interactions  involved  in  [100]  direction  slip  occurring  on  the 
identified  (021)  slip  plane  [17] .  In  Figure  8c,  strong  interactions 
are  indicated  for  outcropping  oxygen  atoms  which,  if  dissociated  from 
their  respective  molecules,  would  produce  the  dinitroso  compounds  that 
have  been  detected  as  a  decomposition  product  in  deformed  RDX  after 
near  critical  drop-weight  impact  tests  [29]  .  The  consideration 
provides  further  evidence  for  the  importance  of  mutual  blockages 
between  adjacent  molecules  during  dislocation  movement  in  determining 
the  relatively  high  strength  properties  of  energetic  crystals,  in  this 
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Figure  8c.  Dinitroso  molecule  interactions  for  [100]  (021)  slip  in  RDX 


case  relating  to  a  chemical  reaction  pathway  for  molecular 
decompos i t ion . 

Figures  9a-c  show  optical  and  x-ray  diffraction  images  of  (001) 
cleavage  cracking  initiated  by  dislocation  slip  at  a  microhardness 
indentation  on  the  orthorhombic  (210)  cleavage  surface  of  an  AP 
crystal.  The  deformation  zone  around  the  indentation  is  seen  in  the 
optical  micrograph  of  Figure  9a  to  be  plastically  anisotropic. 
Recognizable  slip  system  traces  are  seen  to  be  inclined  to  the 
indentor  facet  edges;  and,  the  larger  facets  in  the  two  lower 
indentation  quadrants  are  the  result  of  greater  deformation  having 
occurred  there.  The  important  indication,  in  line  with  the  elastic, 
plastic  and  cracking  sequence  established  for  Figure  6,  is  that  the 
(OOl)  cleavage  crack  has  been  initiated  by  plastic  flow  by  slip  on  the 
indicated  plane  traces.  The  dislocation  reaction 

[loi]  (Ill)  +  [lOl]  (111)  =  [002]  (IlO) 

has  been  proposed  for  the  mechanism  of  crack  nucleation  [30] . 

Figures  9b, c  are  matching  optical  and  (523)  x-ray  diffraction  images, 
at  lower  magnification,  of  the  indentation  that  has  been  described  (on 
the  left)  and  another  one  placed  further  along  the  same  (210)  plane 
surface  on  the  right.  The  x-ray  topograph  of  Figure  9c  shows,  by 
virtue  of  the  (white)  reduction  in  reflected  x-ray  intensity  extending 
far  below  the  indentations,  the  far  reaching  effect  of  the 
significantly  greater  deformation  that  has  occurred  around  the  lower 
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indentor  facets.  The  x-ray  image  gives  emphasis  to  the  cumulative 
strains  generated  by  multiple  dislocation  displacements  occurring 
within  a  normal  slip  band  structure.  The  cumulative  dislocation 
displacements  in  blocked  slip  bands  are  modeled  in  terms  of 
dislocation  pile-ups  that  produce  substantial  localized  stresses  at 
the  pile-up  tips. 


Hot  Spots  at  Dislocation  Pile-up  Avalanches 

Very  significant  localized  heating  has  been  demonstrated  theoretically 
to  accompany  the  release  of  a  dislocation  pile-up,  particularly,  in 
association  with  the  formation  of  a  cleavage  crack  [31] .  Figure  10 
shows  schematically  the  proposed  sequence  of  events  leading  to  hot 
spot  heating  on  this  basis.  First,  there  is  the  isothermal  build-up 
of  the  slip  band  structure  during  initial  straining  of  the  material, 
then  leading  to  impingement  of  the  propagating  slip  band  at  an 
obstacle,  which,  for  most  effective  hot  spot  heating,  involves  crack 
formation  and  consequent  adiabatic  dissipation  of  the  stored  elastic 
strain  energy  in  the  pile-up.  The  released  dislocations  at  the  pile- 
up  tip  are  driven  at  extremely  high  velocity  by  the  effective  applied 
stress  magnified  by  the  number  of  dislocations  following  behind. 
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Figure  11.  Graphical  description  of  (microstructural  stress 
intensity) / (thermal  conductivity)  ratio  for  hot  spot  susceptibility 


Several  consequences  of  the  dislocation  pile-up  mechanism  for  hot  spot 
heating  appear  to  be  in  agreement  with  experimental  observations. 
Those  materials  susceptible  to  hot  spot  heating  have  exhibited 
discontinuous  load  drop  responses  in  drop-weight  impact  tests  [32]  and 
that  is  the  expected  behavior  indicated  in  Figure  10  for  the 
dislocation  pile-up  avalanche  model.  A  model  calculation  for  the 
upper  limiting  temperature  rise  is  given  in  Figure  11  for  which  the 
ratio  of  the  microstructural  stress  intensity  measuring  the  local 
obstacle  strength,  kg  and  the  thermal  conductivity,  K,  are  the  main 
parameters  separating  the  predicted  behavior  of  different  materials, 
in  apparent  agreement  with  the  relative  importance  of  adiabatic 
heating  effects. 


Hot  Spot  Relation  to  the  Combustion  Pressure  Exponent? 

A  first  connection  of  the  dislocation  pile-up  avalanche  model  and 
predicted  thermal  explosion  temperatures  [33]  was  made  for  RDX  on  a 
graphical  basis  relating  to  Figure  12  [34] .  Results  for  PETN,  AP  and 
ammonium  nitrate  (AN)  particles  of  1.0  mm  size,  equivalent  to  that 
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Figure  12 .  Pile-up  avalanche  temperatures  relating  to  thermal 
explosion  temperatures,  also  connecting  with  the  temperature  ranges 
employed  in  determining  the  Arrhenius  parameters  for  the  thermal 
explosion  calculations 


presumed  for  the  shown  RDX  result,  have  been  added  here  along  with 
extension  of  the  thermal  explosion  temperature  dependencies  to  the 
temperature  ranges  (indicated  by  the  vertical  dimension  markers)  for 
determining  the  Arrhenius  parameters  involved  in  the  thermal  explosion 
calculations.  Larger  particle,  or  defect  sizes,  will  move  the  curves 
to  the  right,  thus  producing  lower  required  hot  spot  temperatures  for 
explosion,  possibly  relating  to  more  macroscopic  engineering 
considerations  [35]  .  PETN  is  predicted  to  be  somewhat  more  impact 
sensitive  than  RDX,  despite  its  greater  thermal  conductivity,  because 
of  its  (Arrhenius -determined)  thermal  explosion  properties  [36,37]  . 


Figure  13 .  Burn  rate  versus  pressure  measurements  reported  for  HMX 

A  substantial  variation  occurs  in  the  Arrhenius  parameters  reported 
for  AP  [3  8]  .  For  the  lowest  AP  slope  in  Figure  12,  corresponding  to 
a  highest  activation  energy,  AP  is  predicted  to  be  more  impact 
sensitive  than  AN,  as  indicated  in  experimental  tests  although  both 
materials  are  sufficiently  impact  insensitive,  compared  to  RDX  and 
PETN,  as  to  be  at  the  limit  of  most  impact  tester  reliabilities. 

A  different  interesting  connection  of  such  thermomechanical 
considerations,  particularly  relating  to  particle  size  effects, 
concerns  the  possibility  of  hot  spot  behavior  being  involved  in  the 
sudden  change  of  the  pressure  exponent  measured  in  propellant 
combustion  experiments.  A  review  has  been  given  of  the  coupled 
exponential  pressure  and  Arrhenius  dependencies  involved  in  such 
combustion  studies  [39],  that  should  probably  be  explained  ultimately 
on  a  van't  Hoff  reaction  isotherm  basis.  Figure  13  shows  experimental 
results  reported  in  a  pioneering  study  of  two 
cyclotetramethylenetetranitramine  (HMX)  composite  systems  compared 
with  an  indicated  smooth  burn  rate  for  pure  HMX  [40]  .  Similar  modern 
results,  involving  unstable  combustion  of  larger  150  micrometer  HMX 
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particles  in  a  polymeric  binder  system,  have  been  reported  with  the 
suspicion  of  particle  fracturing  as  the  cause  of  abnormal  burning 
behavior  [41] .  On  the  basis  of  a  pile-up  avalanche  explanation  for 
the  behavior,  one  should  expect  cracking  to  occur  at  a  greater 
pressure  for  the  smaller  particle  size,  in  line  with  the  experimental 
results  shown  in  Figure  13.  Otherwise  the  combustion  surface 
temperature  and  thermal  gradient  properties  of  the  composite  system, 
and  material  variations  also  involving  porosity,  are  additional 
important  variables  to  investigate. 


Summary 

Modern  energetic  crystal  results  have  been  described  as  part  of  the 
continuing  theoretical  and  experimental  challenges  that  apply  for  the 
safe,  effective,  use  of  explosive  crystals  in  propellant  formulations. 
The  varying  energetic  crystal  morphologies  are  indicated  to  be 
dependent  upon  the  internal  dislocation  defect  structure  that 
determines,  in  turn,  the  material  viscoplastic  deformation  behavior 
and,  particularly,  crystal  cracking  properties.  Laser- induced  heating 
effects  in  RDX  and  AP  crystals  are  shown  to  be  associated  with  evident 
thermomechanical  cracking  influences  on  the  decomposition  behavior. 


New  microhardness  measurements  on  an  ADN  crystal  give  a  high  value  of 
27  kgf/mm^,  essentially  equivalent  to  that  for  RDX,  and  consistent 
with  a  report  of  approximately  equivalent  impact  sensitivities  for  the 
two  materials.  Hot  spot  behavior  is  associated  with  cumulative 
dislocation  behavior  in  a  slip  band,  modeled  as  a  dislocation  pile-up, 
and  this  provides  an  explanation  of  crystal  size  effects  on 
thermomechanical  properties.  Smaller  crystals  are  better.  The  pile- 
up  model  predictions  are  related  to  a  theoretical  description  of 
thermal  explosion  behavior.  The  new  possibility  is  raised  of  such 
considerations  relating  to  a  thermomechanical  viscoplastic/cracking 
influence  on  producing  an  undesired  sudden  increase  in  the  pressure 
exponent  used  to  characterize  combustion  behavior. 
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ABSTRACT:  Increasing  interest  in  the  application  of  thrust-managed,  solid-propellant  rocket  motors 
for  future  missiles  has  prompted  a  desire  to  learn  how  these  motors  might  react  to  the  stimuli  involved 
in  the  MIL-STD  2105B1  insensitive  munitions  (IM)  hazards  tests.  An  opportunity  became  available 
for  the  Insensitive  Munitions  Advanced  Development  (IMAD)  Propulsion  Project  to  obtain  four 
experimental,  dual-pulse  (two  chamber)  rocket  motors;  these  motors  were  subjected  to  the  fast 
cookoff,  slow  cookoff,  bullet  impact,  and  fragment  impact  IM  hazards  tests.  These  motors  had  steel 
cases  with  a  bulkhead  separating  one  pulse  from  the  other.  The  propellant  for  each  pulse  grain  was  a 
nitrate-ester-plasticized,  reduced-smoke,  hydroxyl-terminated  polyether  (HTPE)  propellant. 

Reactions  in  the  IM  hazards  tests  were  classified  as  follows:  fast  cookoff,  deflagration  (fail);  slow 
cookoff,  explosion  (fail);  bullet  impact,  bum  (pass);  and  fragment  impact,  explosion  (fail).  In  the 
cookoff  tests,  the  aft  pulse  (pulse  1)  reacted  first  followed  by  the  forward  pulse  (pulse  2).  Delay  times 
between  the  reaction  of  pulse  1  and  pulse  2  were  5  seconds  for  the  fast  cookoff  and  45  seconds  for  the 
slow  cookoff  tests.  It  was  unexpected  when  pulse  1  reacted  first,  because  this  pulse's  chamber 
consisted  of  thicker  insulation.  In  the  impact  tests,  the  projectiles  and  fragments  were  aimed  at  the 
pulse  2  chamber  resulting  in  the  reaction  of  this  pulse  with  no  accompanying  reaction  from  pulse  1, 
The  implication  of  these  results  is  that  separate  chamber,  pulsed  motors  containing  a  relatively 
insensitive  propellant  such  as  the  HTPE  propellant  will  probably  provide  less  collateral  damage  than 
motors  in  which  an  equivalent  amount  of  propellant  is  contained  in  one  chamber. 


*  Approved  for  public  release;  distribution  is  unlimited. 

**  This  effort  was  supported  by  the  Insensitive  Munitions  Advanced  Development  (IMAD)  Program 
(Don  Porada,  cognizant  technology  manager). 


337 


INTRODUCTION 


Since  the  establishment  of  the  Navy's  insensitive  munitions  (IM)  initiative  in  1984,  a  relatively  large 
number  of  rocket  motors  have  been  subjected  to  the  MIL-STD  2105^  fast  cookoff,  slow  cookoff, 
bullet  impact,  and  fragment  impact  IM  hazard  tests.  All  of  these  motors  were  single-chamber  motors;  a 
few  of  these  were  dual-thrust  motors.  Recently,  the  Navy  completed  the  design,  fabrication,  and  static 
firing  of  a  7 -inch-diameter,  dual-pulse  (two  chamber)  motor^  under  its  Multimission  Propulsion 
Technology-Advanced  Technology  Demonstration  (MMPT-ATD)  Program.  This  provided  the 
Insensitive  Munitions  Advanced  Development  (IMAD)  Propulsion  Project  an  opportunity  to  obtain  and 
IM  hazards  test  dual-pulse  rocket  motors  and,  thereby,  add  a  different  motor  configuration  to  the 
hazards  test  database.  Using  the  MMPT-ATD  contract,  four  additional  dual-pulse  rocket  motors  were 
procured  and  subjected  to  the  aforementioned  IM  hazards  tests.  This  paper  describes  the  results  of 
these  tests  and  compares  them  to  the  test  results  of  the  same  propellant  in  several  other  motor 
configurations. 


ROCKET  MOTOR  DESCRIPTION 

The  purpose  of  the  MMPT-ATD  rocket  motor  concept  was  to  provide  multimission  propulsion 
capability  through  energy  management  using  a  dual-pulse  (two  chamber)  motor  having  a  7-inch- 
diameter  steel  (D6AC)  case  and  an  integrated  aerodynamic-thrust  vector  control  (TVC)  system  for 
attitude  control.  To  minimize  program  cost,  the  steel  cases  for  the  test  motors  were  fabricated  from 
reconditioned  Advanced  Medium-Range  Air-to-Air  Missile  (AMRAAM)  lot  acceptance  test  (LAT) 
cases;  a  "doubler"  section  was  electron-beam-welded  between  two  halfs  of  an  AMRAAM  case. 

To  minimize  cost,  the  7-inch- diameter  motors  used  in  the  IM  hazard  tests  had  an  aft-end  bulkhead 
simulating  a  nozzle  entrance  section  and  throat  instead  of  having  a  blast  tube  and  TVC  nozzle.  They 
also  had  a  stainless  steel  bulkhead  insulated  with  MX-2646  silica  phenolic  appr  :^ximately  at  their  mid¬ 
section;  this  bulkhead  separated  the  two  propellant  grains.  The  bulkhead  had  a  nickel  rupture  disk 
designed  to  release  at  350-500  psi.  The  pulse  chambers  of  the  motors  were  insulated  with  R-181 
elastomeric  insulation  applied  to  the  inner  wall  of  the  case.  To  thermally  protect  the  aft  pulse  1  section 
of  the  case  during  operation  of  pulse  2,  an  elastomerized  silica  phenolic  sleeve  was  added  to  the  aft 
chamber.  R-181  insulated  the  simulated  nozzle  internally  and  a  phenolic  disk  sealed  its  throat.  To 
minimize  a  chance  for  a  heat  path  through  this  simulated  nozzle,  its  external  surface  was  coated  with 
room  temperature  vulcanizing  (RTV)  rubber.  The  propellant  grains  were  fabricated  from  an  IM 
reduced-smoke,  hydroxyl-terminated  polyedier  (HTTE)  propellant  developed  by  Alliant  Techsystems 
under  an  IMAD  Propulsion  Project  contract.^ 


IM  HAZARD  TESTS 

The  fast  cookoff,  slow  cookoff,  bullet  impact,  and  fragment  impact  IM  hazards  tests  were  conducted 
in  accordance  to  MIL-STD  2105B;  however,  only  one  test  for  each  hazard  was  conducted  instead  of 
the  duplicate  tests  required  by  the  military  standard.  The  Ordnance  Hazards  Evaluation  Board  (OHEB) 
has  reviewed  the  test  results  and  assigned  reaction  classifications. 


Fast  Cookoff 

Pulse  1  (aft  pulse)  reacted  at  69  seconds  in  the  test,  rupturing  the  aft  section  of  the  case.  Five  seconds 
later,  pulse  2  (forward  pulse)  reacted  and  vented  through  the  mid-section  bulkhead.  After  completion 
of  the  test,  unbumed  pieces  of  propellant  were  found  out  to  310  feet  from  the  test  center.  A  piece  of 
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pulse  1  case  section  was  located  at  75  feet  and  another  at  8  feet.  The  case’s  nozzle  section  was  at  50 
feet  from  the  test  center.  A  piece  of  the  rupture  disk  sealing  the  case’s  mid-section  bulkhead  was 
found  underneath  the  ”A"  frame  used  to  support  the  motor,  and  another  piece  was  located  at  22  feet. 
No  overpressure  was  recorded  by  the  Bikini  gauges  (50  feet  from  test  center),  and  95%  of  the  motor's 
non-energetic  material  was  recovered.  Figure  1  shows  the  debris  map  for  this  fast  cookoff  test.  This 
motor’s  reaction  was  classified  as  a  deflagration  (fail). 


Ground  Camera 
@  300  feet 


Camera  Tower 
@  2350  feet 


Circles  represent  25-foot  increments  from  test  arena  center. 


Recovered  fragments  from  fast  cookoff  test. 


DESCRIPTION 

SIZE,  in 

WEIGHT,  lb 

LOCATION 

1 .  Motor  forward  end 

37.75  X  7  diameter 

34.65 

on  the  "A"  frame 

2.  Rupture  disk 

3x2.5 

0.06 

under  the  "A"  frame 

3.  Piece  of  motor  case 

10x28 

5.77 

8  feet 

4.  Rupture  disk 

4x2.5 

0.07 

22  feet 

5.  Motor  aft  end 

6x7  diameter 

18.64 

50  feet 

6.  Piece  of  motor  case 

27.5x10 

5.47 

75  feet 

Small  pieces  of 
unbumed  propellant 

varied 

7.57 

scattered  as  far  as  310 
feet  from  arena  center 

Figure  1.  Debris  map  of  fast  cookoff  test. 


Slow  Cookoff 

Pulse  1  reacted  at  a  case  surface  temperature  of  271°F;  as  a  result  of  this  reaction,  the  aft  section  of  the 
case  was  blown  to  pieces.  A  second  reaction  (pulse  2)  occurred  44  seconds  later;  this  reaction  also 
resulted  in  several  pieces  of  the  case  being  thrown  away  from  the  test  site;  however,  the  forward  end 
of  the  pulse  2  motor  section  remained  on  the  "A"  frame  and  burned.  No  propellant  exudation  or  other 
physical  events  were  recorded  by  the  internal  oven  TV  camera  prior  to  the  reaction  of  pulse  1.  After 
the  test,  a  section  of  the  motor  case  just  forward  of  the  nozzle  end  was  found  under  the  "A"  frame,  and 
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the  nozzle  end  was  found  at  384  feet  from  the  test  center.  Other  pieces  of  the  motor  case  were  found 
from  18  to  211  feet  of  the  test  site;  the  bulkhead  separating  the  pulse  propellant  grains  was  found  at  51 
feet  from  the  test  center.  Small  pieces  of  unbumed  propellant  were  spread  out  to  200  feet.  Figure  2 
shows  a  map  of  the  debris  collected  after  the  test.  The  weight  of  the  non-energetic  motor  material 
recovered  was  77%  of  its  original  weight.  The  maximum  overpressure  measured  by  Bikini  gauges  at 
50  feet  from  the  test  center  was  between  1.9  and  2.8  psi.  The  test's  horizontal  witness  plate  exhibited 
no  damage.  This  motor's  reaction  was  classified  as  an  explosion  (fail). 


6 
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Circles  represent  25-foot  increments  from  test  arena  center. 


Recovered  fragments  from  stow  cookoff  test. 


DESCRIPTION 

SIZE,  In 

WEIGHT,  lb 

LOCATION 

1 .  Motor  forward  end 

23.5  X  7  diameter 

14.41 

On  "A"  frame 

2.  Motor  case  piece 

18.5  X  4.5 

4.05 

Under  "A"  frame 

3.  Motor  case  piece 

0.75  X  7.25 

0.02 

33  feet 

4.  Motor  case  piece 

7x  11.5 

5.52 

120  feet 

5.  Motor  case  piece 

4.75  X  6.5 

0.59 

141  feet 

6.  Motor  case  piece 

10.5  X  11 

1.91 

162  feet 

7.  Motor  case  piece 

4.5  X  0.5 

0.35 

1 8  feet 

8.  Bulkhead 

2  X  6.5  diameter 

3.92 

51  feet 

9.  Motor  case  piece 

8x17 

1.89 

201  feet 

1 0.  Motor  case  piece 

3x4 

0.20 

211  feet 

1 1 .  Motor  aft  end 

9x7  diameter 

19.10 

384  feet 

Small  unbumed  propeilant  pieces 

varied 

1.67 

Within  200  feet 

Figure  2.  Debris  map  for  the  slow  cookoff  test. 


Bullet  Impact 

The  the  .50-caiiber  bullet  impacts  were  aimed  (spaced  one  inch  apart)  to  the  mid-length  of  die  pulse  2 
(forward)  section  of  the  motor.  Upon  the  impact  of  the  first  projectile,  which  traveled  at  2841  ft/s,  a 
piece  of  the  case  in  the  target  area  broke  away  leaving  bare  propellant  or  insulation/liner  as  the  target 
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for  the  following  two  projectiles.  The  motor  case  with  a  piece  missing  from  its  forward  section,  an 
unreacted  pulse  1  (aft),  and  an  undamaged  mid-section  buUdiead  remained  on  the  "A"  frame.  That  part 
of  the  pulse  2  propellant  grain  that  had  remained  in  the  case  ignited  and  burned.  After  the  test,  the 
other  piece  of  the  case  was  found  at  32  feet  from  the  test  center.  Unbumed  pieces  of  the  pulse  2 
propellant  grain  were  found  out  to  94  feet.  Figure  3  shows  the  debris  map  of  this  test.  The  recovered 
two  pieces  of  case  represented  99%  of  the  motor's  non-energetic  material  initial  weight.  No 
overpressure  was  measured  by  the  Bikini  gauges  situated  at  50  feet  from  the  test  center,  and  the  test's 
witness  plate  exhibited  no  damage.  Based  upon  these  results,  this  motor's  reaction  was  classified  as  a 
bum  (pass). 


•  Remains 
^  High  speed  camera 
=  Ground  camera 


Circles  represent  50-foot  increments  from  test  arena  center. 


Recovered  fragments  from  bullet  impact  test. 


DESCRIPTION 

SIZE,  In 

WEIGHT,  lb 

LOCATION 

1 .  Motor  case  {including  60  lb  of 
unbumed  propellant) 

70.5  X  7  diameter 

125.10 

On  "A“  frame 

2.  Piece  of  motor  case 

11  x16 

3.01 

32  feet 

Small  pieces  of  unbumed 
propellant 

varied 

6.30 

Within  94-foot  radius 

Figure  3.  Debris  map  for  the  bullet  impact  test. 


Fragment  Impact 

An  explosive,  five-cube  projector  was  aimed  at  the  mid-length  of  the  pulse  2  (forward)  section  of  the 
motor.  The  projector  was  placed  17  feet  from  the  motor.  From  film  taken  with  a  high  speed  camera,  it 
was  determined  that  four  out  of  the  five  0.5-inch  mild  steel  cubes  in  the  projector  impacted  the  motor. 
On  impact,  the  motor  broke  into  two  major  pieces;  the  forward  piece  was  thrown  1 1  feet  from  the  test 
site  with  its  propellant  burning.  The  other  major  case  piece  containing  pulse  1  and  a  part  of  pulse  2 
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was  thrown  15  feet  aft  of  the  test  center,  with  the  propellant  unreacted.  Five  case  fragments  were 
found  from  20  to  190  feet,  with  the  heaviest  (2.75  ib)  at  the  greatest  distance.  Three  relatively  large 
pieces  of  unburned  propellant  were  found  at  21,  53,  and  56  feet  from  the  test  center.  The  test's 
horizontal  witness  plate  exhibited  no  damage,  but  the  vertical  witness  plate  exhibited  several  holes  and 
marks.  The  pressures  measured  with  the  airblast  overpressure  gauges  were  attributed  to  the  blast  from 
the  fragment  projector  with  no  augmentation  by  the  motor's  reaction.  The  debris  map  for  this  test  is 
shown  in  Figure  4.  This  motor's  reaction  was  classified  as  a  explosion  (fail). 
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Circles  represent  10-foot  increments  from  test  arena  center. 


Recovered  fragments  from  fragment  impact  test. 


DESCRIPTION 

SIZE,  in 

WEIGHT 

LOCATION 

1 .  Forward  motor  closure 

15x7 

101b  4  oz 

1 1  feet 

2.  Nozzle  end  of  motor  with  propellant 

43.5x7 

125fb6oz 

15  feet 

3.  Propellant 

7x4.5 

21b 

21  feet 

4.  Propellant 

10x5.5 

2lb2oz 

53  feet 

5.  Propellant 

4x4 

12  oz 

56  feet 

6.  Motor  casing 

1 1  X  5.5 

12  oz 

61  feet 

7.  Motor  casing 

17x18 

2.751b 

1 90  feet 

8.  Motor  casing 

8x4 

8  oz 

50  feet 

9.  Motor  casing 

7x3.5 

6  oz 

90  feet 

10.  Motor  casing 

6.25  X  2.5 

4oz 

1 60  feet 

Figure  4.  Debris  map  of  the  fragment  impact  test. 
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DISCUSSION  AND  CONCLUSIONS 


The  investigators  in  charge  of  this  effort  were  surprised  to  find  that  pulse  1  (aft  pulse)  reacted  first  in 
the  cookoff  tests;  this  section  had  extra  insulation  to  protect  the  case  during  operation  of  pulse  2 
(forward  pulse).  While  significant  temperature  differences  possible  in  a  fast  cookoff  test  could  have 
partially  explained  this  result,  the  thermocouples  around  the  motor  did  not  indicate  that  this  was 
probable.  Moreover,  the  slow  cookoff  test  result  indicates  that  other  factors  may  be  involved. 
Apparently,  there  is  an  unknown  heat  path  to  the  pulse  1  propellant  grain  that  is  possibly  associated 
with  either  the  case's  simulated  nozzle  closure  or  more  probably  with  its  mid-section  bulkhead. 

Another  surprising  result  was  that  pulse  1  survived  when  pulse  2  was  impacted  by  either  the  .50- 
caliber  projectiles  or  the  0.5-inch  steel  cubes  and  that  the  case's  mid-section  bulkhead  remained  intact. 
From  this  result,  one  could  infer  that  the  pressures  resulting  from  the  pulse  2  reaction  were  below  the 
350-500  psi  required  to  rupture  the  bulkhead  disk.  However,  the  cases  fracmred  on  impact,  providing 
a  large  venting  area  which  significantly  moderated  the  pressure  arising  from  the  propellant  reaction. 

The  reaction  classification  assigned  to  the  fragment  impact  test  is  of  concern.  While  the  OHEB's 
reaction  classification  is  appropriate  based  on  some  of  the  event  criteria  defined  by  MDL-STD  2105B, 
we  believe  that  the  degree  of  hazard  contributed  by  the  motor  was  less  than  what  implied  by  the 
explosion  classification.  Based  on  the  test  report,  the  motor  was  impacted  by  four  of  the  five  0.5-inch 
steel  cubes  that  were  explosively  projected  at  an  average  speed  of  8300  ft/s;  this  event  by  itself  would 
have  caused  a  considerable  amount  of  case  fragmentation  without  any  energy  input  from  propellant 
reaction.  Moreover,  the  survival  of  the  pulse  1  section  with  the  mid-section  bulkhead  and  its  rupture 
disk  intact  in  both  the  bullet  and  fragment  impact  tests  seems  to  indicate  that  the  propellant's  reaction  to 
impact  is  relatively  slow  and  that  significant  localized  pressurization  could  not  develop  under  the  case 
venting  that  occurred.  This  characteristic  would  minimize  the  amount  of  case  fragmentation 
contributed  by  the  propellant  reaction.  In  addition,  based  on  the  fact  that  the  horizontal  witness  plate 
was  undamaged  and  the  vertical  witness  plate  exhibited  a  large  hole  in  the  area  where  it  backed  the  aim 
point  on  the  pulse  2  section  of  the  motor,  we  believe  that  the  major  source  of  fragmentation  energy 
came  from  the  projector  and  the  momentum  of  the  fragments.  Further  support  to  this  theory  is 
provided  by  a  statement  in  the  test  report  indicating  that  "...the  airblast  peak  overpressure  values  were 
what  was  expected  from  the  fragment  projector  with  no  augmentation  by  the  propellant's  reaction." 

Recent  IM  studies  conducted  by  the  Navy  Sidewinder  Program  Office  indicated  that  the  fragment 
impact  test  is  one  of  the  most  difficult  of  the  IM  tests  to  pass.  The  Naval  Air  Warfare  Center  Weapons 
Division's  (NAWCWPNS)  Sidewinder  Project’s  representatives  recently  ran  a  fragment  impact  test  at 
the  New  Mexico  Tech's  Energetic  Materials  Research  and  Testing  Center  (Socorro,  NM)  to  ensure  the 
accuracy  of  their  fragment  projector  (smooth-bored  57-mm  M2  gun),  check  the  speed  of  the 
fragments,  and  establish  a  baseline  reaction.  The  target  for  this  test  was  an  inert  Mk  36  Sidewinder 
motor  containing  an  unknown  simulant  propellant  (believed  to  be  a  polyurethane  simulant  propellant). 
Two  fragments  were  aimed  at  the  center  of  the  motor  approximately  1.5  inches  apart;  when  the 
fragments  traveling  at  8528  ft/s  impacted,  the  motor  broke  into  two  major  pieces.  Unfortunately,  a 
debris  map  was  not  prepared  after  the  test,  but  approximately  5  inches  of  the  motor's  center  section 
were  missing.  One  large  piece  of  simulated  propellant  was  found  at  70  feet  from  the  test  center  and 
two  smaller  pieces  at  60  and  55  feet.  The  only  case  fragments  recovered  were  found  within  3  feet  of 
the  motor.  Extrapolating  these  data  to  a  test  that  uses  an  explosive-driven,  5-cube  fragment  projector 
and  in  which  at  least  two  or  more  cubes  strike  a  motor,  it  is  hard  to  believe  that  any  steel-cased  motor 
would  be  able  to  survive  or  pass  the  fragment  impact  test.  Perhaps  a  basic  investigation  should  be 
conducted  on  the  fragment  impact  test  to  revise  the  passing  criteria  and  possibly  recommend 
eliminating  the  use  of  an  explosive-driven,  multifragment  projector  as  a  test  option. 
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Overall,  the  reaction  classifications  assigned  to  the  IM  hazards  tests  of  the  7-inch-dianieter,  dual-pulse 
motor  were  more  violent  than  expected.  Table  1  compares  these  with  the  reactions  of  the  same 
propellant  in  other  motor  configurations.^  As  can  be  seen,  the  reactions  are  more  violent  than  those 
experienced  by  an  8-inch-diameter,  steel-cased  motor.  However,  as  expected,  the  reaction  violence  is 
greatly  decreased  when  the  propellant  is  encased  in  composite  cases  and  cylinders. 


TABLE  1 

IM  Hazard  Test  Results  of  IM  HTPE  (GHE)  Propellant  in  Several  Motor  Configurations. 


Motor  Configuration 

Reaction  Classification 

Fast  Cookoff 

Slow  Cookoff 

Bullet  Impact 

Fragment 

Impact 

7-inch,  dual-pulse  motor 

Explosion 

Bum  ; 

Explosion 

5-inch,  composite  case  motor 

Bum 

Explosion 

Bum 

Bum 

5-inch,  composite  cylinder 

Birni 

Bum 

Biffii 

Biffn 

8-inch,  steel  case  motor 

Bum 

Deflagration 

Bum 

Explosion 

10-inch,  composite  case  motor 

BuiM)eflag 

Deflagration 

Bum 

Defla^ation 

10-inch,  composite  cylinder 

Bum 

Bum 

Bum 

Explosion 

The  dual-pulse  motor  filled  with  a  relatively  insensitive  propellant  such  as  HTPE  appears  to  provide  an 
advantage  when  exposed  to  bullet  or  fragment  impact  stimuli  because  it  limits  the  amount  of  reacting 
propellant.  Moreover,  the  delay  in  the  reaction  of  the  pulses  during  cookoff  may  be  of  some  advantage 
because  it  also  limits  the  amount  of  propellant  that  reacts  at  any  one  time.  These  characteristics  should 
help  limit  the  extent  and  area  of  collateral  damage  resulting  from  die  motor's  reaction  due  to  fast  and 
slow  cookoff  or  bullet  and  fragment  impact  hazard  stimuli. 
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COMBUSTION  ROLES  IN  SAFETY  OF  LESS  EXPLOSIVELY 
SENSITIVE  CLASS  1.3  PROPELLANTS 


Claude  Merrill,  US  Phillips  Laboratory,  Edwards  Air  Force  Base 


ABSTRACT:  During  the  decade  of  the  1980s,  a  number  of  people  died  manufacturing  and  mission 
suitability  testing  Explosive  Class  1,3  solid  propellants.  During  the  same  time  frame  no  one  was  fatally 
injured  in  the  United  States  in  Explosive  Class  1.1  solid  propellant  incidents.  This  incongruence  of  fatal 
injury  incidents  with  the  "explosively  safer"  Class  1.3  propellants  rather  than  with  Class  1.1  propellants 
was  due  to  the  relative  burning  rates  of  Class  1 . 1  and  Class  1 .3  propellants  at  low  pressures  of  one 
atmosphere  or  slightly  higher.  Explosive  safety  problems  with  Class  1.3  propellants  can  also  occur  in  the 
high  pressure  regimes  with  rapid  accelerator  bum  rates  above  the  so  called  bum  rate  exponent  slope  break 
for  ammonium  perchlorate  oxidized  compositions.  An  enormous  explosive  threat  can  occur  when  large 
Class  1 .3  solid  propellant  motors  used  for  space  launches  experience  early  flight  failures  and  motors  or 
motor  fragments  crash  to  earth  at  high  velocities.  When  propellant  quantities  are  in  the  range  of  roughly 
50  to  nearly  500  metric  tons  per  booster  motor,  there  is  a  great  blast  potential.  Preliminary  screening  of  a 
few  booster  compositions  in  low  and  ultrahigh  pressure  regimes  has  produced  hope  that  careful  selection 
of  combustion  traits  and  propellant  materials  might  substantially  improve  large  rocket  motor  safety. 


INTRODUCTION 


The  relative  safety  of  Explosive  Class  1 .3  rocket  motors  is  largely  driven  by  solid  propellant  low 
pressure  and  ultrahigh  pressure  combustion  characteristics.  In  this  article  the  relationship  between  fire  and 
explosive  safety  for  low  speed  bum  rate  (less  than  13  mm/sec  at  6.9  MPa)  hydrocarbon  /  aluminum  (Al) 
/  ammonium  perchlorate  (AP)  types  of  Explosive  Class  1.3  solid  propellants  will  be  discussed. 
Hydrocarbon/AI/AP  propellants  have  complex  combustion  behavior  usually  divided  into  at  least  three 
distinct  types  that  are  associated  with  different  and,  often  variable,  pressure  ranges.  These  ranges  are  (a) 
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a  low  pressure  zone  near  one  atmosphere  that  can  have  a  high,  variable  bum  rate  pressure  exponent,  (b)  an 
intermediate,  motor  pressure  operating  range  between  2  and  15  megapascals  (MPa),  (300  to  2200  pounds 
per  square  inch  usually  associated  with  a  constant  bum  rate  pressure  exponent,  psi),  and  (c)  a  high  pressure 
zone  above  the  motor  operating  pressure  range  including  the  so  called  "bum  rate  pressure  exponent  break" 
or  "exponent  break"  where  the  bum  rate  pressure  exponent  is  higher  than  in  the  motor  operational  pressure 
range.  The  pressure  at  which  the  low  bum  rate  pressure  exponent  observed  at  motor  operating  pressures 
transitions  to  a  higher  bum  rate  pressure  exponent  varies.  Occasionally,  it  occurs  near  or  below  15  MPa 
(2200  psi),  but  it  can  occur  at  100  MPa  (15,0(X)  psi)  or  more.  The  pressure  at  which  the  bum  rate  pressure 
exponent  break  takes  place  is  highly  dependent  on  the  propellant  formulation.  Although  the  relationship 
of  propellant  composition  and  bum  rate  pressure  exponent  break  pressure  is  not  a  topic  of  this  discussion, 
the  high  bum  rate  pressure  exponent  at  high  pressures  should  be  noted  for  its  strong  relationship  to 
propellant  explosiveness. 

Different  types  of  polybutadiene  mbber  binder  solid  propellants  are  used  as  combustion  gas 
generators  for  a  majority  of  rocket  motor  systems,  especially  for  large  rocket  booster  applications.  These 
propellants  have  modest  cost  due  to  market  availability  of  ingredients,  are  readily  mixed  and  cast  into 
motor  grains,  possess  controllable  cure  traits,  have  solids  contents  and  energetics  for  favorable  thmst 
performance,  show  good  combustion  characteristics  for  motor  operation  at  adequate  bum  rates  and  low 
bum  rate  pressure  exponents,  meet  strength  and  elasticity  rocket  motor  demands,  and  have  low  explosive 
hazards.  Polybutadiene  type  booster  propellants  usually  contain  plasticized  or  nonplasticized  curable 
binders  filled  with  A1  powder  fuel  and  multimodal,  granulated  AP  oxidizer.  Total  solids  content  of  booster 
propellants  range  from  84  to  90%.  Examples  of  curable  butadiene  mbber  binders  include  carboxy- 
temunated  polybutadiene  (CTPB),  hydroxy-terminated  polybutadiene  (HTPB),  polybutadiene-acrylonitrile 
(PBAN,  carboxy  terminated),  and  polybutadiene-acrylonitrile  acrylic  acid  (PB  AA).  These  can  be  indicated 
as  CTPB/AI/AP,  etc..  Some  rocket  booster  systems  are  very  large.  The  new  Titan  IV  solid  rocket  motor 
upgrade  (SRMU)  space  launch  booster  system  will  contain  more  than  600  metric  tons  of  HTPB/AI/AP 
solid  propellant,  and  the  Space  Shuttle  launch  system  contains  more  than  1000  metric  tons  of  PBAN/AI/AP 
solid  propellant. 

Polybutadiene  type  binder  propellants  are  usually  classified  as  Class  1.3  explosives  since  they 
primarily  experience  fire  hazards  rather  than  explosive  hazards.  When  compared  with  Explosive  Class  1 . 1 
propellants,  the  slow  burning,  hydrocarbon  type,  Explosive  Class  1.3  solid  propellants  are  normally 
considered  quite  safe.  In  the  relatively  small  amounts  required  for  motors  less  than  0.3  m  (13  inch) 
diameter,  most  hydrocarbon  binder/AI/AP  propellants  are  very  safe.  However,  in  recent  years  despite  their 
greater  deflagrative  and  detonati  ve  safety,  low  bum  rate  hydrocarbon  binder  propellants  have  been  involved 
in  many  more  serious  accidents  than  the  highly  explosive  Class  1 . 1  solid  propellants.  The  size  of  some  of 
the  large  booster  motors  and  the  large  amounts  of  solid  propellant  they  contain  reduce  the  margin  of  safety 
in  ways  that  are  not  well  understood.  Quantitative  risk  assessment  as  motor  size  varies  is  lacking. 
Decreased  safety  for  large  booster  motors  has  been  observed  during  manufacturing,  qualification  testing, 
transportation,  and  field  operations.  In  addition,  observation  of  missile  fallbacks  early  in  a  launch  sequence 
has  forced  the  user  community  to  recognize  that  very  substantial  explosions  can  be  produced  by  very  large 
Class  1 .3  solid  propellant  motors.  Even  explosively  benign  solid  propellants  acquire  explosive  traits  when 
propellant  grains  are  large  and  undergo  adequately  dynamic  mistreatment.  For  a  rocket  launch  system 
containing  up  to  1000  metric 


346 


tons  of  solid  propellant  unacceptable  air  shocks  can  be  experienced  at  distances  greater  than  two 
kilometers. 

For  personnel,  the  most  serious  solid  propellant  accidents  were  caused  by  small  energy 
stimulations  producing  fires  that  rapidly  escalated  over  a  large  number  of  propellant  pieces  or 
fi*agments  or  caused  containment  vessel  bursts.  We  have  concentrated  our  safety  efforts  on  explosive 
safety  and,  as  shown  in  the  evidence  of  accidents  and  their  nature,  inadequately  paid  attention  to  fire 
safety. 


Normal  combustion  characteristics  of  the  hydrocarbon/Al/AP,  Class  1.3,  booster  solid 
propellants  at  low  pressures  near  one  atmosphere  and  at  ultrahigh  pressures  involved  in  crashes  are 
responsible  for  most  accidental  ha2ardous  fire  and  explosive  events.  Limited  experimental  data 
indicates  that  these  hazardous  combustion  traits  differ  jfrom  one  propellant  composition  to  another. 
Ordinarily,  combustion  of  a  specific  propehant  is  studied  over  a  narrow  pressure  range  associated  with 
rocket  motor  function  without  considering  propellant  combustion  actions  outside  that  range. 
Observing  how  a  number  of  propellants  bum  under  low  and  very  high  pressures  revealed  remarkable 
differences.  Certain  propellant  compositions  exhibit  slower  burning  rates  at  one  atmosphere  and 
others  exhibit  smaller  bum  rate  pressure  exponents  at  pressures  above  the  slope  break  region. 
Combustion  differences  affecting  propellant  safety  are  produced  by  changes  in  normal  propellant 
ingredients  such  as  plasticizer  content,  plasticizer  material,  solid  filler  particle  sizes,  curatives,  and 
minor  additives.  The  differences  are  so  large  that  carefully  selecting  propellant  compositions  should 
greatly  improve  propellant  safety. 

In  the  discussions  below,  only  generic  descriptions  of  propellant  formulations  will  be  given. 
This  not  only  avoids  exposure  of  proprietary  material,  but  allows  showing  how  propellant  combustion 
characteristics  can  vary.  A  focused  search  to  find  a  safer  hydrocarbon/Al/AP,  booster  solid  propellant 
composition  seems  possible  based  on  the  limited  data  available. 


DISCUSSION 

Figure  1  shows  a  log-log  plot  of  bum  rate  (RB)  versus  pressure  for  a  HTPB/Al/AP  propellant 
that  for  this  discussion  is  designated  HTPB  A.  The  combustion  behavior  is  quite  complex  with  three 
or  more  different  bum  rate  pressure  exponents  over  the  range  of  pressures.  Bum  rate  data  for  Figure 
1  are  listed  in  Table  1.  Some  gun  propellant  btira  rate  pressure  plots,  once  the  minimum  bum 
sustaining  pressure  is  attained,  exhibit  monotonous  straight  line  log-log  behavior  indicating  a  constant 
bum  rate  pressure  exponent  up  to  1 00  MPa  or  more.  It  is  the  relatively  large  variance  in  behavioral 
changes  at  the  low  pressure  and  high  pressure  regions  fi'om  one  rocket  propellant  to  another  which 
indicates  that  safer  propellant  formulations  can  be  selected  once  an  adequate  understanding  of  the 
relationship  between  combustion  characteristics  and  propellant  composition  is  obtained. 

Between  pressures  of  about  1.5  and  30  MPa  (200  and  4500  psi)  the  bum  rate  of  propellant 
HTPB  A  follows  the  equation; 

Rb  (mm/s)  =  4.3 14[  P  MPa)  f (1) 

Using  the  bum  rate  equation  above,  the  calculated  bum  rate  at  one  atmosphere  is  2.08  mm/s  (0.082 
ips).  This  is  much  faster  than  the  measured  0.84  mm/s  bum  rate  at  atmospheric  pressure. 
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Burning  Rate,  mm/sec 


Figure  1 .  Bum  Rate  Versus  Pressure  for  HTPB  A  Propellant. 


Table  1  HTPB  A  Propellant  Strand  Burning  Data  by  Atlantic  Research  Corp.,  Gainesville, 

VA(1) 

Bum  Rate  Pressure  Bum  Rate  Pressure 


mm/s 

(ips) 

MPa 

(psi) 

nun/s 

(ips) 

MPa 

(psi) 

10.1 

(0.399) 

13.79 

(  2000) 

74.7 

(2.941) 

81.43 

(11810) 

11.3 

(0.445) 

17.24 

(  2500) 

71.1 

(2.801) 

82.46 

(11960) 

12.5 

(0.492) 

20.68 

(  3000) 

75.7 

(2.981) 

84.53 

(12260 

13.7 

(0.540) 

24.13 

(  3500) 

74.3 

(2.927) 

85.56 

(12410) 

14.6 

(0.575) 

27.58 

(  4(X)0) 

77.8 

(3.064) 

86.39 

(12530) 

17.0 

(0.668) 

33.99 

(  4930) 

67.9 

(2.674) 

86.77 

(12585) 

16.9 

(0.666) 

37.85 

(  5490) 

75.7 

(2.981) 

88.67 

(12860) 

22.0 

(0.865) 

41.26 

(  5985) 

78.2 

(3.080) 

89.49 

(12980) 

20.8 

(0.817) 

43.78 

(  6350) 

78.6 

(3.096) 

90.53 

(13130) 

24.9 

(0.980) 

44.75 

(  6490) 

72.9 

(2.869) 

90.60 

(13140) 

22.6 

(0.891) 

47.92 

(  6950) 

78.6 

(3.096) 

91.22 

(13230) 

28.7 

(1.131) 

48.85 

(  7085) 

78.6 

(3.096) 

92.77 

(13455) 

27.3 

(1.076) 

50.61 

(  7340) 

79.2 

(3.118) 

93.22 

(13520) 

24.9 

(0.980) 

51.02 

(  7400) 

79.9 

(3.146) 

94.25 

(13670) 

32.5 

(1.279) 

53.71 

(  7790) 

81.2 

(3.197) 

95.28 

(13820) 

33.0 

(1.298) 

58.67 

(  8510) 

82.1 

(3.232) 

97.42 

(14130) 

39.3 

(1.548) 

60.05 

(  8710) 

82.1 

(3.232) 

97.42 

(14130) 

34.0 

(1.337) 

60.95 

(  8840) 

85.4 

(3.361) 

98.25 

(14250) 
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Table  1 .  HTPB  A  Propellant  Strand  Burning  Data  by  Atlantic  Research  Corp.,  Gainesville,  VA 
(1)  (concluded) 

Bum  Rate  Pressure  Bum  Rate  Pressure 


mm/s 

(ips) 

MPa 

(psi) 

mm/s 

(ips) 

MPa 

(psi) 

55.8 

(2.195) 

72.39 

(10500) 

93.4 

(3.678) 

99.52 

(14435) 

65.3 

(2.569) 

75.50 

(10950) 

85.9 

(3.381) 

100.25 

(14540) 

67.9 

(2.674) 

77.43 

(11230) 

89.5 

(3.522) 

105.73 

(15335) 

67.1 

(2.642) 

77.98 

(11310) 

89.5 

(3.522) 

105.73 

(15335) 

78.6 

(3.095) 

78.94 

(11450) 

Extrapolation 

93.4 

602 

(3.676) 

(23.70) 

107.80 

689 

(15635) 

(100000) 

The  central  portion  of  the  Figure  1  plot  exhibiting  linear  behavior  at  a  slope  or  bum  rate 
pressure  exponent  of  ~0.32  between  --1.5  and  30  MPa  (200  to  4500  psi)  is  the  operating  region  for 
rocket  motors.  Our  standard  6.9  MPa  (1000  psi)  bum  rate  for  HTPB  A  propellant  was  8.0 
mm/second  (0.32  ips).  A  portion  of  this  region  is  usually  measured  to  see  if  propellant  bum  rate 
appropriately  matches  that  needed  for  a  particular  motor  application.  Combustion  data  would  be 
measured  at  pressures  exceeding  maximum  expected  motor  operating  pressure  (MEOP)  to  see  if  a 
potentially  troublesome  exponent  break  occurred  near  the  projected  MEOP. 

Since  motor  chuflSng  often  occurs  below  ~1.5  MPa,  bum  rates  are  seldom  measured  in  the 
lower  pressure  zone  between  roughly  10  atmospheres  and  one  atmosphere  pressure.  However,  the 
Department  of  Transportation  in  the  United  States  requires  that  solid  propellants  bum  time  be 
measured  for  a  single  50.8  mm  (2.0  inch,  in.)  propellant  cube  and  a  group  of  four  cubes  in  fuel  oil  or 
kerosene  engulfing  fires  on  a  bed  of  wood  sawdust.  Measurable  time  lag  usually  takes  place  before 
propellant  cubes  begin  burning.  The  time  difference  between  the  first  signs  of  a  propellant  fire  to  the 
last  visible  evidence  of  propellant  burning  is  designated  as  the  propellant  cube  bum  duration.  Since  all 
sides  of  the  propellant  cube  can  bum,  the  propellant  bum  duration  is  that  required  to  traverse  25.4 
mm  of  propellant.  Although  one  atmosphere  cube  bum  rate  data  can  be  subject  to  a  number  of  errors, 
differences  in  bum  rates  are  readfiy  observable.  Cube  burning  data  is  rarely  available  to  the  researcher 
because  it  is  seldom  published  in  circulated  reports  or  assembled  in  collections  of  propellant  cube  bum 
data.  The  Department  of  Transportation  propellant  cube  bum  tests  allowed  recognition  that  the  actual 
one  atmosphere  bum  rate  for  propellant  HTPB  A,  0.84  mm/s  (0.033  ips),  was  so  much  slower  than 
the  extrapolated  value,  2.08  mm/s  (0.082  ips),  fi'om  the  bum  rate  equation  for  motor  bum  rates. 

Bum  rate  lag  below  the  calculated  one  atmosphere  bum  rate  is  a  feature  that  should  be 
maximized  to  increase  work  place  protection  against  accidental  fires.  If  flame  spreading  could  be 
greatly  inhibited,  more  personnel  could  escape  fi'om  areas  with  many  propellant  pieces  exposed.  As 
low  pressure  propellant  bum  rates  decrease,  minimum  stimulation  required  to  initiate  fire  by  fiiction, 
mechanical  impact,  and  electrostatic  discharge  should  increase.  Serious  fires  with  rapid  flame 
spreading  have  happened  with  Class  1.3  solid  propellants  with  one  atmosphere  bum  rates  above  1.5 
mm/s  (0.06  ips).  No  serious  accidents  have  occurred  with  solid  propellants  with  one  atmosphere  bum 
rates  below  1.5  mm/s  for  either  Explosive  Class  1.1  or  1.3  propellants.  Slow  burning,  high  energy. 
Explosive  Class  1.1,  nitrate  ester  propellants  often  have  one  atmosphere  bum  rates  in  the  range  fi'om  0 
to  0.64  mm/s  (0.025  ips).  These  Class  1.1  propellants  are  relatively  insensitive  to  ignition  by  the  minor 
stimulations  that  might  be  found  in  manufacturing,  operational  suitability  testing,  and  motor 
movements.  I  have  not  heard  of  low  rate,  high  energy.  Class  1 . 1  solid  propellants  being  ignited  by 
accidental  minor  friction,  impact,  and  electrostatic  discharge  events  during  the  last  25  years  in  the 
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United  States.  Since  Class  1 . 1  propellants  with  quite  low  or  absent  one  atmosphere  bum  rates  are 
relatively  fire  safe,  enhanced  fire  safety  is  predicted  for  Class  1.3  propellants  with  very  low  one 
atmosphere  bum  rates. 

A  valuable  characteristic  for  a  propellant  atmospheric  conditions  would  be  a  lack  of  burning  or 
one  atmosphere  flame  extinguishment.  A  series  of  nonmetallized  HTPB  solid  propellants  with 
increasing  flame  retardant  content  d^onstrated  a  lower  open  flame  combustion  limit  of  about  0.25 
mm/s  (0.01  ips).  This  bum  rate  is  indicated  near  the  bottom  of  Figure  1.  Metallized  solid  propellants 
may  have  somewhat  lower  extinguishment  limits,  but  a  0.25  mm/s  bum  rate  might  be  selected  as  a 
goal  for  hydrocarbon/Al/AP  low  bum  rate  booster  propellants. 

In  Figure  1,  the  bum  rate  pressure  exponent  break  point  above  40  MPa  indicates  the  start  of 
the  third  combustion  range.  The  highly  acceieratory  propellant  burning  promoted  by  an  elevated  bum 
rate  pressure  exponent  above  the  slope  break  may  be  the  primary  cause  for  the  explosive  properties 
exhibited  by  AP  oxidized  solid  prof^U^ts.  If  the  elevated  bum  rate  exponent  could  be  reduced,  the 
propellant  bum  rates  associated  with  transitory  high  pressures  in  missile  fallback  events  might  be 
reduced  enough  to  avoid  violent  explosions.  The  HTPB  A  propellant  bum  rate  pressure  exponent 
between  -40  and  80  MPa  pressure  is  near  1.6.  Above  -80  MPa  to  107  NflPa,  the  highest 
experimental  pressure,  an  additional  combustion  behavior  zone  exhibiting  a  bum  rate  pressure 
exponent  of -1.0  may  have  occurred,  but  the  scattered,  strand  burning,  combustion  bomb  data 
obscures  results.  To  be  sure  whether  a  change  from  a  bum  rate  pressure  exponent  of  1.6  to  1.0 
occurs,  more  experiment^  bum  rate  measurem^ts  at  evoi  hi^er  pressures  are  nmied. 

If  the  bum  rate  presaire  exponent  changes  to  1.0  at  -80  MPa  pressure,  an  extr^lation  to 
-700  MPa  (100,000  psi)  would  indicate  a  bum  rate  of  -600  mm/s  (24  ips).  Failed  launch  fallback 
crashes  could  produce  shocks  in  the  propellant  as  high  as  300  to  1000  MPa.  In  this  pressure  re^on 
above  the  propellant  slope  break  point  for  AP  oxidized  propellants,  the  accelerated  bum  rate 
associated  with  the  increased  bum  rate  pressure  exponent  should  be  a  driver  for  propellant 
explosiveness.  The  very  high  bum  rates  at  extreme  pressures  should  be  related  to  critical  diamet^,  the 
minimum  propellant  diameter  that  can  sustain  a  self-propagating  detonation.  Reduction  of  propellant 
bum  rates  at  slope  break  pressure  and  bum  rate  pressure  ^onents  above  the  slope  break  might 
greatly  increase  propellant  critical  diameters  and,  correspondingly  greatly  r^uce  booster  propellant 
explosiveness  in  failed  launch  fallbacks. 


Bum  rates  for  Class  1.3,  boosts’  propellants  at  6.9  MPa  are  typicdly  in  the  range  from  8  to  13 
mm/s.  Measured  bum  rates  at  one  atmosphere,  for  propellants  with  bum  rate  pressure  exponents  of 
-0.3  to  0.4,  are  often  only  slightly  lower  than  a  bum  rate  estimate  d^v^  by  extrapolation.  Propellant 
HTPB  A  is  a  relatively  unusual  propellant  since  its  measured  bum  rate  at  one  atmosphere  is  much 
slower  than  for  many  hydrocarbon/Al/AP  propellants.  Figure  2  compares  the  low  pressure  bum  rate 
data  of  HTPB  A  propellant  with  a  more  normal  propellant  call^  HTPB  B.  The  bum  rate  as  a 
function  of  pressure  between  ~1  and  15  MPa  (150  to  2200  psi)  for  HTPB  B  propellant  is: 

Rb  =  6.218  P°-^^  (2) 

The  measured  one  atmosphere  kim  rate  of  HTPB  B  propellant  was  2.54  mm/s  (0. 100  ips).  This  bum 
rate  is  veiy  close  to  the  2.67  mm/s  (0.105  ips)  one  atmosphere  bum  rate  calculated  for  HTPB  B 
propellant  using  equation  2.  With  HTPB  B  propellant  the  measured  one  atmosphere  bum  rate  is  near 
one  fifth  that  of  the  propellant  bum  rate  at  6.9  MPa.  Many  HTPB  propellants  have  shmlm'  one 
atmosphere/6.9  MPa  bum  rate  ratios. 
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Figure  2.  Low  Pressure  Bum  Rate  Comparison  of  HTPB  A  and  HTPB  B  Propellants. 

Another  Class  1.3  propellant  which  exhibits  an  even  larger  decrease  in  one  atmosphere  bum 
rate  versus  the  bum  rate  calculated  using  the  bum  rate  equation  in  the  motor  operating  pressure  region 
is  a  glycidyl  azide  polymer  (GAP)/76%  AP  propellant.  The  GAP  binder  did  not  include  a  nitrate  ester 
plasticizer.  Figure  3  plots  the  bum  rate  versus  pressure,  and  Table  2  lists  the  bum  rate  data.  The  6.9 
MPa  bum  rate  was  faster  than  for  either  HTPB  A  or  B  propellants  at  1 5.8  mm/s.  At  ~1 .2  MPa 
pressure  the  measured  motor  bum  rate  begins  to  fall  below  the  linear  bum  rate  slope  of  0.236 
determined  at  pressures  above  1 .25  MPa  and  less  than  ~8.25  MPa.  With  the  low  bum  rate  exponent, 
the  bum  rate  at  one  atmosphere  bum  rate  was  calculated  as  5.8  mm/s  and  measured  as  0.64  mm/s.  If 
the  GAP/AP  propellant  was  formulated  for  a  6.9  MPa  bum  rate  of  8.0  mm/s  as  with  propellant  HTPB 
A,  the  measured  one  atmosphere  bum  rate  may  have  approached  the  lower  burning  rate  limit 
determined  in  nonmetallized  HTPB  gas  generator  grains  with  flame  inhibitors.  A  large  fallofF for  one 
atmosphere  bum  rate  compared  with  the  calculated  rate  shows  that  propellant  compositions  other  than 
nitrate  ester  formulations  can  experience  sharp  bum  rate  slumps  at  low  pressures. 

Table  2.  GAP/76%  AP  Measured  Bum  Rates  at  Various  Pressures,  Motors  and  Cubes 
Bum  Rate  Chamber  Pressure 


mm/s 

(ips) 

MPa 

(psi) 

0.64 

(0.025) 

0.097 

(  14) 

Propellant  cube  burning 

9.04 

(0.356) 

0.834 

(121) 

Rb  =  9.986  mm/s 

10.5 

(0.414) 

1.23 

(178) 

11.9 

(0.470) 

2.03 

(295) 

between  1.25  and  8.25  MPa 

14.1 

(0.554) 

4.24 

(  615) 
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Table  2.  GAP/76%  AP  Measured  Bum  Rates  at  Various  Pressures,  Motors  and  Cubes 
(concluded) 

Bum  Rate  Chamber  Pressure 


mm/s 

(ips) 

mm/s 

(psi) 

14.9 

(0.588) 

5.39 

(  782) 

15.8  mm/s  (0.62  ips)  at  6.89  MPa 

15.5 

(0.610) 

6.37 

(  924) 

16.5 

(0.648) 

8.16 

(1184) 

18.1 

(0.712) 

9.93 

(1440) 

24.3 

(0.957) 

14.18 

(2057) 

5.76 

(0.226) 

0.10 

(  14) 

ExU*apolated  from  higher  pressures 

Figure  3.  GAP/76%  AP  Propdlant  Bum  Rate  Versus  Pressure 

Bum  rate  data  above  the  bum  rate  pressure  slope  bre^  for  HTPB/Al/AP  propdlants  are 
difiBcult  to  find.  Alice  Atwood  (2)  of  China  Lake,  CA  has  obtained  bum  rate  data  for  HTPB  A 
propellant  and  another  called  HTPB  C  using  a  combustion  bomb  technique.  Reduction  of  clos^ 
bomb  data  transforms  a  measured  pressure-time  history  into  a  mass  recession  rate  through  the 
application  of  the  Noble-Able  covolume  equaticm  of  state  (3).  Their  equation  is  us«i  in  the 
differentiated  form  along  with  a  differentiated  energy  balance  to  derive  the  propellant  mass  regression 
rate  as  a  function  of  time.  Mass  regression  rate  of  a  propellant  is  equal  to  the  product  of  the  burning 
surface  area  (input  as  geometric  form  fimction),  the  sample  density,  and  the  linear  burning  rate.  For 
undamaged  materials  the  propellant  d^sity  and  bum  area  are  known  and  the  linear  ton  rate  as  a 
fimction  of  pressure  is  determined.  Cylindrical  samples  of  HTPB  A  and  HTPB  C  propellants  about  25 
mm  in  length  and  weighing  about  8.1  grams  were  burned  in  a  90.5  ml  volume  bomb.  By  using  the 
measured  surface  area,  inputting  the  sample  shape  and  cto^ty,  bum  rate  data  were  determined  fi-om 
the  recorded  pressure  and  time  behavior.  Figure  4  shows  plots  of  HTPB  A  and  HTPB  C  propellant 


352 


bum  rates  versus  pressure  and  Table  3  contains  the  closed  bomb  bum  rate  numerical  data.  Although 
this  method  yields  numerical  data  somewhat  different  from  motor  firing  data,  relative  combustion 
behavior  between  propellants  obtained  by  this  technique  can  be  noted.  The  two  propellants  behave 
quite  differently  above  bum  rate  pressure  exponent  break  pressures  in  that  HTPB  A  propellant  has  a 
much  larger  bum  rate  pressure  exponent.  How  the  two  propellants  react  above  83  MPa  is  unknown, 
but  the  initially  slower  burning  HTPB  A  propellant  equals  the  HTPB  C  bum  rate  at  about  83  MPa 
pressure.  It  seems  that  HTPB  A  propellant  might  be  as  explosive  or  more  explosive  than  HTPB  C 
propellant.  We  might  have  expected  the  two  propellants  to  have  parallel  bum  rate  pressure  behavior 
throughout  the  entire  pressure  range.  If  this  had  happened,  the  slower  burning  propellant  would 
always  be  somewhat  less  explosive  because  of  its  lower  bum  rate. 


Figure  4.  HTPB  A  and  HTPB  C  Closed  Bomb  Bum  Rates  Versus  Pressure 

Table  3.  HTPB  A  and  HTPB  C  Closed  Bomb  Bum  Rates  vs.  Pressure 
By  Alice  Atwood,  China  Lake,  CA  (2) 


HTPB  A  Bum  Rate,  HTPB  C  Bum  Rate,  Pressure, 


mm/s 

(ips) 

mm/s 

(ips) 

MPa  (psi) 

5.25 

(0.207) 

7.36 

(0.290) 

3.45  (  500) 

6.93 

(0.273) 

10.0 

(0.395) 

6.89  (  1000) 

8.21 

(0.323) 

12.7 

(0.500) 

10.3  (  1500) 

10.3 

(0.406) 

16.4 

(0.647) 

13.8  (  2000) 

12.2 

(0.480) 

20.5 

(0.807) 

17.2  (  2500) 

13.3 

(0.522) 

23.9 

(0.940) 

20.7  (  3000) 

14.7 

(0.577) 

25.7 

(1.10  ) 

24.1  (  3500) 

16.1 

(0.634) 

32.0 

(1.26  ) 

27.6  (  4000) 
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Table  3.  HTPB  A  and  HTPB  C  Closed  Bomb  Bum  Rates  vs.  Pressures 
By  Alice  Atwood,  China  Lake,  CA  (2)  (concluded) 

HTPB  A  Bum  Rate  HTPB  C  Bum  Rate  Pressure 


mm/s 

(ips) 

mm/s 

(ips) 

MPa  (psi) 

20.7 

(0.814) 

41.4 

(1.63  ) 

34.5  (  5000) 

27.6 

(1.09  ) 

51.1 

(2.01  ) 

41.4  (  6000) 

38.9 

(1.53  ) 

61.9 

(2.44  ) 

48.3  (  7000) 

50.7 

(2.00  ) 

71.6 

(2.82  ) 

55.2  (  8000) 

79.7 

(3.14  ) 

94.1 

(3.70  ) 

68.9  (10000) 

136 

(5.36  ) 

133 

(5.25  ) 

82.7  (12000) 

SUMMARY 

The  less  sensitive,  Explosive  Class  1.3,  AP  oxidized,  solid  propellants  combust  in  different 
ways  at  low  pressures,  at  motor  operational  pressures,  and  at  high  pressures  above  the  slope  break. 
Usually,  bum  rate  traits  at  pressures  out^de  those  suitable  for  rocket  motor  operation  are  not 
investigated.  Very  masdve  solid  propellant  motors  have  encountered  serious  problems  in  accidental 
fires  and  fallback  explosive  eve^its  that  would  not  be  serious  for  much  smaller  rocket  motors.  The 
occurrence  of  fire  and  explosive  profiles  with  our  supposedly  safer  propellants  has  raised  the 
importance  of  investigating  propeUant  bum  characteristics  at  pressures  both  below  and  above  rocket 
motor  operating  pressures.  PropeUant  combustion  drives  fire  risk  at  pressures  near  one  atmosphere, 
and  it  also  drives  the  \dgor  of  explosive  events  stimulated  by  motor  fallbacks  in  failed  launches  of  large 
space  launch  missile  systems.  Burning  characteristics  in  these  different  regions  are  not  the  same  for 
various  hydrocarbon/AI/AP  propeUants.  The  large  differences  observed  with  occasional  substantia 
bum  rate  lag  at  one  atmosphere  and  tolerable  bum  rate  pressure  ^ponents  above  the  1mm  rate 
pressure  exponent  break  pressure  seem  to  be  caused  by  ordinary  propeUant  formulation  variables,  such 
as  plasticizers,  solid  particle  sizes,  curatives,  and  minor  additives.  These  observations  indicate  that 
careful  selection  of  propeUant  ingredients  could  result  in  low  bum  rate  hydrocarbon/Al/AP  propeUants 
with  reduced  fire  hazard  and  reduced  explosive  risk. 

Reductions  in  one  atmosphere  bum  rates  are  desired.  HTPB  A  propdlant  with  a  0.84  mm/s 
one  atmosphere  bum  rate  is  a  step  in  the  right  direction.  Self  extinguishment  at  one  atmosphere  would 
be  even  better.  Many  Explosive  Class  1.1  solid  propeUants  which  have  one  atmo^here  bum  rates  less 
than  0.65  mm/s  have  not  been  involved  in  accidoital,  small  workplace  stimuli  fires  in  decades.  If 
Explosive  Class  1.3,  hydrocarbon/AVAP  solid  propeUants  had  one  atmosphere  1mm  rates  at  0.65  mm/s 
or  less,  their  fire  safety  would  be  significantly  improved.  With  lowered  one  atmosphere  bum  rates  the 
minimum  energetics  for  provoking  propeUant  &e  by  fiiction,  mechanical  impact,  and  electrostatic 
discharge  should  be  raised  considerably  making  fires  less  likely  to  occur. 

In  the  high  pressure  region  above  rocket  motor  operational  pressures.  Explosive  Class  1.3 
solid  propeUants  typicaUy  experience  a  bum  rate  pressure  ^onent  break  characterized  by  a  transition 
to  a  bum  rate  pressure  exponent  higher  th^  observed  in  the  motor  operational  pressure  region.  This 
enhanced  bum  rate  pressure  exponent  can  be  as  hi^  as  1.6  (HTPB  A)  in  the  '-30  to  80  MPa  pressure 
range.  Some  propeUants  do  not  have  pressure  bum  rate  exponents  that  high  above  the  break,  as 
indicated  by  HTPB  C.  If  bum  rate  pressure  exponents  could  be  kept  bdow  ~0.7  at  pressures  above 
the  break,  the  propeUant  would  have  much  less  propensity  to  acplode  violently  in  faUback  events. 
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COMMENTS 

Dr.  Fred  Volk,  Fraunhofer-Institut  fur  Chemishe  Technologie  (ICT),  Pfinztal,  Germany: 

(1)  What  kind  of  computer  program  is  being  used  to  calculate  bum  rate  as  a  function  of  pressure? 

(2)  Will  you  have  any  problems  with  reproducibility  of  bum  rate  at  very  low  pressures  (e.g.,  0.1 
MPa)? 

Author’s  Reply: 

(1)  The  computer  program  takes  into  account  change  in  surface  area  of  a  small  right  cylinder  or 
propellant  as  combustion  on  all  surfaces  increases  chamber  pressure.  This  procedure  was 
developed  at  the  Naval  China  Lake  (USA)  facility.  Alice  Atwood  of  the  Naval  Air  Warfare 
Center,  China  Lake,  CA,  USA,  produced  data  used  in  the  paper.  (2)  Reproducibility  of  one 
atmosphere  bum  rates  with  open  burning  of  50.8  mm  propellant  cubes  in  a  quiet  engulfing 
kerosene  fire  has  been  reproducible  within  10%  of  the  determined  value.  A  strong  wind  can 
produce  conditions  where  bum  rate  is  considerably  faster  than  in  its  absence. 

Mr.  Jean-Paul  Reynaud,  SNPE  Defence  Espace,  Centre  de  Recherches  du  Bouchet,  France: 

Have  you  found  consistent  results  in  the  overlapping  regions  of  the  two  different  burning  rate 
measurement  techniques  employed? 

Author’s  Reply: 

A  number  of  elevated  burning  rate  techniques  were  used.  These  include  small-scale  motors 
(approximately  145  gms  propellant),  a  closed  high-pressure  bomb  by  ARC,  Inc.,  where  inhibited 
bum  strands  were  burned  in  oil  at  a  series  of  imposed  pressures,  and  the  China  Lake  closed  bomb 
technique,  using  combustion  gases  from  a  small  right  cylinder  of  propellant  burning  on  all 
exposed  surfaces  to  produce  rapidly  increasing  chamber  pressure.  At  13.8  MPa,  the  ARC  and 
China  Lake  methods  provide  bum  rates  matching  those  obtained  by  the  small  motors.  As 
pressures  are  increased,  bum  rate  values  for  the  ARC  and  China  Lake  methods  diverge.  This 
divergence  has  not  been  investigated.  Differences  in  the  values  may  be  related  to  differences  in 
heat  loss  by  the  two  propellant  burning  techniques. 
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PROPENSITY  OF  FLAME  SPREADING  INTO  PROPELLANT  SLITS 
UNDER  SIMULATED  ROCKET-MOTOR  ENVIRONMENTS 


Kenneth  K.  Kuo,  Yeu-Chemg  Lu,  and  Steven  J.  Ritchie 

Mechanical  Engineering  Department 
The  Pennsylvania  State  University 
University  Park,  PA  16802,  USA 


ABSTRACT;  This  work  was  aimed  to  help  identifying  the  possible  cause  of  the  Titan  IV  K-1 1  motor 
failure.  A  motor  analog  was  used  to  evaluate  the  fMX>pensity  of  flame  spreading  into  solid-propellant  slits 
which  simulated  the  knife-cuts  resulting  from  the  repair  on  one  of  the  grain  segments.  Target  test 
conditions  were  established  to  examine  the  validity  of  the  test  results.  Experimental  observations 
indicated  that  flame  can  indeed  propagate  into  propellant  slits  even  under  compression,  one  of  the  test 
conditions  controlled  to  simulate  situations  during  the  ignition  transient  of  the  Titan  IV  solid  rocket 
motor.  Based  in  part  on  the  experimental  evidaice  aipported  this  series  of  tests,  it  was  concluded  that 
flame  spreading  into  the  knife-cuts  was  the  most  probable  scenario  leading  to  the  motor  failure. 


INTRODUCTION  AND  BACKGROUND 

Flame  spreading  into  defect  regions  of  a  solid-propdlant  grain  could  cause  very  undesirable  performance 
of  a  rocket  motor  due  to  the  unexpected  extra  surface  area  available  for  burning.  Therefore,  the 
propensity  of  flame  spreading  into  a  flaw  such  as  a  crack  or  debond  and  the  development  of  combustion 
process  in  the  flaw  have  been  studied  extensively  in  the  past  (for  example,  see  Refs.  1-21).  However, 
because  of  the  complex  nature  of  the  problem,  no  quantitative  predictions  from  any  existing  theoretical 
models  can  be  obtained  to  simulate  a  broad  range  of  test  conditions.  It  is  inevitable  that  each 
investigation  covers  only  a  specific  range  of  operation  conditions.  The  specific  objective  of  this  study 
is  directed  at  assisting  the  identification  of  the  most  probable  cause  for  the  failure  of  the  Titan  IV  K-1 1 
solid  rocket  motor  (SRM)  occurred  on  August  2,  1993. 

Figure  1  represents  a  segment  of  the  Titan  FV  SRM  propellant  grain  (68%  AP,  16%  PBAN,  16%  Al). 
The  top  surface  of  the  propellant  grain  was  initially  inhibited  by  a  layer  of  restrictor  material  (filled  NBR 
rubber),  which  was  in  direct  contact  with  a  thin  PBAN  type  liner.  It  was  found  that  the  interface  between 
the  restrictor  and  the  propellant  grain  had  some  voids  and  debonds  during  the  pre-firing  inspection  by 
a  non-destructive  ultrasonic  technique.  In  order  to  salvage  this  segment  from  being  scrapped,  the 
propellant  manufacturer  performed  a  repair  to  the  defect  region. 

In  the  repair  procedure,  a  special  knife  was  used  to  cut  through  the  peripheral  of  the  restrictor  to  be 
removed.  The  knife  was  used  to  make  a  series  of  1.5"  long  cuts  along  the  restrictor  surface,  and  was 
allowed  to  penetrate  the  propellant  grain  a  maximum  depth  of  0.5".  However,  this  depth  was  only 
approximated  by  the  technicians  making  the  repairs  and  could  not  be  measured  following  the  repairs. 
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Repaired  Motor  Segment 


Fig.  1  Schematic  diagram  of  a  section  of  a  repaired  solid-propellant  grain 


Fig.  2  Geometry  of  propellant  samples  supplied  by  UT/CSD 


357 


For  this  work,  it  was  assumed  that  the  actual  maximum  cut  depth  was  3/8”. 

The  defect  region  was  then  removed  by  peeling  off  the  cut  slice.  An  epoxy  cured  versamid  potting 
compound  (AL227-70)  was  applied  to  the  grain  airface  of  the  peded-oflf  section.  No  special  precautions 
or  treatments  were  used  to  prevent  or  enhance  the  flow  of  potting  compound  in  the  knife-cut  areas.  A 
repair  "patch"  made  of  filled  NBR  rubber  was  then  placed  onto  the  top  of  the  potting  compound  to  form 
a  flat  surface  with  the  orignal,  unait  restrictor  surfece.  TTie  interfaces  between  the  patch  and  the  original 
restrictor  were  also  filled  with  potting  compound,  darkened  with  carbon  black.  A  second  patch  called 
a  doubler  was  used  to  cover  the  entire  interfacial  seam  lines. 

After  the  repair,  the  segmmt  was  us^  for  the  laundiing  of  the  Titan  TV  vehicle.  Unfortunately,  the  K-1 1 
vehicle  failed  during  the  SRM  bum.  FoUowir^  the  failure,  an  investigation  group  (K-1 1  Test  Team)  was 
formed  and  scrutinized  all  of  the  preparation  and  motor-firing  data  for  the  cause  of  the  incident.  After 
their  preliminary  investigation,  they  susp^ed  that  flame  spreading  into  the  knife-cuts  left  after  the  repair 
of  the  segment  be  one  of  the  potential  causes  for  failure.  In  essence,  these  knife-cuts  formed  a 
continuous,  artifidal  crack  ext^iding  from  the  bore  to  within  several  inches  of  the  case  wall.  This  crack 
is  a  potential  passage  for  flame  spreading  to  occur  during  the  motor  opo'ation.  If  the  flame  does 
prop^ate  into  the  slit,  the  ^ctra  burning  surface  area  could  lead  to  a  higher  and  faster  pressure  build-up 
in  the  chamber  as  well  as  an  undesirable  local  pressure  build-up  in  the  slit  caused  by  the  extra  amount  of 
mass  production  fi'om  propellant  surfaces  along  the  cut.  The  extent  of  damages  experienced  by  the 
motor  depends  upon  many  factors,  including  the  geometry  of  the  slit,  motor  operation  conditions,  and 
overall  hardware  structural  integrity. 

Therefore,  to  support  tl^  above  sp^:ulation,  it  is  very  crucial  to  know  if  the  flame  can  indeed  propagate 
into  the  slit  under  conditions  similar  to  that  of  the  Titan  TV  SRM.  This  investigation  was  than  initiated 
to  provide  relevant  experimental  evidence.  Appropriate  target  chamber  conditions  were  established  to 
simulate  the  Titan  IV  SRM  ignition  tran^ent  and  to  examine  the  validity  of  test  results. 


EXPERIMENTAL  SETUP 

The  test  chamber  is  essaitially  the  one  used  in  Ref  4  and  only  a  brief  description  is  given  with  emphasis 
on  the  modifications.  Propdlant  samples  with  the  g^metiy  shown  in  Fig.  2  were  fabricated  and  supplied 
by  United  Technologies/Chemical  Systems  Division  (UT/CSD).  The  samples  have  all  the  required 
features  such  as  the  restrictor,  patch,  knife-cut,  and  potting  compound  to  simulate  a  portion  of  the 
repaired  segment. 

The  width  of  the  sample  [2.75  inches  (6.98  cm)]  was  intentionally  made  larger  than  the  width  of  the 
sample  holder  [2.2  inches  (5.59  cm)];  therefore,  the  sample  could  be  trimmed  from  the  original  2.75 
inches  to  a  dimension  equal  or  larger  than  2.2  inches.  When  the  sample  was  placed  into  the  smnple 
holder,  some  degree  of  compressive  effect  was  thus  created  on  the  sample,  depending  upon  the  final 
sample  width.  By  varying  this  dimension,  the  amount  of  initial  compression  near  the  slit  location  can  be 
controlled  very  predsely.  The  control  of  the  de^ee  of  concession  is  very  important  to  simulate  the  real 
Titan  IV  SRM  conditions  because  the  propellant  grain  was  under  compressive  strain  during  the  motor 
firing.  The  length  scales  of  the  cut  region  were  measured  under  a  microscope.  The  degree  of 
compression  was  determined  by  tl^  change  of  di^ance  between  two  marked  dots  on  each  side  of  the  cut 
before  and  after  loading  into  the  sample  holder.  In  this  series  of  tests,  sample  compression  ranged  from 
0.0  to  1 .17%.  It  is  noted  that  the  dit  opemng  can  be  as  large  as  20  micrometers  even  under  compression 
in  some  samples.  This  is  caused  by  the  contact  of  two  cut  surfaces  which  can  never  be  perfectly  even. 
Figures  3  and  4  are  two  sets  of  micro^aphs  showing  the  slit  regions  before  and  after  the  compression 
for  Tests  #15  and  17,  respectively.  It  is  evident  that  the  slit  was  not  totally  closed  und^  compresrion. 
A  gap  width  of  finite  size  was  left  in  both  samples. 
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Fig.  4(a)  Microscopic  photograph  of  the  flame-side  slit  with  the  sample  under  no 
compression  for  Test  #I  7  (45x  Magnification). 


Fig.  4(b)  Microscopic  photograph  of  the  flame-side  slit  with  the  sample  under  0.41% 
compression  for  Test  #17  (45x  Magnification). 
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Figures  5(a)  and  5(b)  show  the  side  and  center-plane  cross-sectional  views  of  the  test  chamber  with  the 
propellant  sample  installed.  The  propellant  sample  was  positioned  flush  against  the  plexiglass  window 
of  the  chamber.  The  slit  was  positioned  near  the  center  of  the  window  for  photographic  observation. 
The  thickness  of  the  channel  in  the  sample  holder  is  1 .0  inch  (2.54  cm);  the  sample  is  initially  0.75  inch 
(1 .90  cm)  thick.  This  allows  for  an  initial  0.25-inch  (0.64  cm)  flow  passage  between  the  back  side  of  the 
sample  and  the  instrument  plate  (opposite  in  position  to  the  front  window).  Chamber  venting  occurred 
downstream  of  the  sample  through  a  graphite  nozzle.  The  sample  was  held  in  place  initially  by  two  pieces 
of  brackets.  A  layer  of  flame  retardant  grease  was  applied  to  the  window  side  of  the  sample.  With  this 
configuration,  there  should  be  no  observable  light  emission  through  the  plexiglass  window  during  the  test 
until  the  flame  penetrates  through  the  slit  or  the  sample  bums  out. 

Ignition  was  achieved  through  an  igniter  system  initiated  by  an  electric  match.  The  Ml 05  electric  match 
was  enhanced  by  black  powder  (about  0.25  g)  and  propellant  shavings  (about  0.75  g),  which  were 
contained  in  a  plastic  bag  and  taped  around  the  end  of  the  match.  This  igmter  assembly  was  used  to 
ignite  a  small  booster  propellant  charge  [about  1 1/16”  x  3/4"  x  15/16"  (1.75  cm  x  1 .90  cm  x  2.38  cm)] 
located  upstream  of  the  propellant  sample.  The  hot  combustion  products  generated  from  the  igniter  and 
booster  propellant  charge  in  turn  ignited  the  test  sample. 

Pressure  transducers  (Kistler  601B1  and  601B122)  were  installed  at  three  locations  along  the  flow 
passage  on  the  back  instrument  plate.  Pressure  signals  were  amplified  by  Kistler  504E  charge  amplifiers 
and  recorded  by  a  Nicolet  Mukipro  data  acquisition  system.  Pressure  levels  were  controlled  by  varying 
the  throat  area  of  the  exit  nozde,  the  initial  amount  of  propellant  burning  surface  area,  and  the  initial 
chamber  volume.  The  test  event  was  recorded  by  a  HYCAM  n  high-speed  16  mm  movie  camera  located 
about  4.5  feet  (1.37  m)  away  from  the  front  window  with  a  framing  rate  of  1000  pictures/second.  A 
Kodak  Spin  Physics  SP2000  high-speed  video  camera  was  also  used  for  backup  purpose.  Parameters 
varied  in  tests  included  the  slit  geometry  (depth  and  width),  chamber  pressure,  chamber  pressurization 
rate,  and  degree  of  sample  compression. 


RESULTS  AND  DISCUSSION 

In  order  to  achieve  test  conditions  similar  to  the  ignition  transient  of  the  Titan  IV  rocket  motor,  the 
following  target  chamber  operational  conditions  were  established  for  assisting  the  evaluation  of  test 
results. 

(1)  Chamber  pressure  <  1000  psia  (6.89  MPa), 

(2)  Chamber  pressurization  rate  <  5500  psi/s  (37.92  MPa/s), 

(3)  Sample  compression  strain  s:  0.3%, 

(4)  Slit  depth  <  3/8  inch  (0.95  cm),  and 

(5)  Flame  spreading  through  the  cut  must  occur  before  the  last  0.5  seconds  of  the  sample  burn-out. 
These  target  test  conditions  were  based  on  the  data  gathered  on  the  Titan  IV  K-1 1  Solid  Rocket  Motor- 1 
during  the  actual  firing.^  The  first  two  conditions  were  deduced  from  the  recorded  pressure-time  trace. 
The  compression  strain  on  the  propellant  grain  during  ignition  transient  was  calculated  from  finite 
element  analysis.  The  3/8-inch  cut  depth  was  considered  to  be  the  maximum  depth  incurred  from  the 
repair  procedure.  Since  the  propellant  sample  can  lose  its  integrity  near  bum-out  (i.e.,  too  thin),  the  0.5 
second  was  considered  to  be  an  appropriate  limit.  If  the  flame  spreading  through  the  slit  is  seen  in  a  test, 
the  above  five  criteria  have  to  be  met  in  order  to  consider  that  particular  test  as  a  valid  test  for 
demonstrating  the  possibility  of  flame  spreading  into  a  slit  under  conditions  similar  to  the  ignition 
transient  of  the  Titan  IV  SRM. 

Because  the  test  chamber  had  a  very  small  volume  and  a  complicated  inner  contour  after  installing  the 
sample,  holding  brackets,  igniter,  booster  propellant  charge,  and  inhibiting  EPDM  layers  in  the  sample 
holder,  it  was  very  difficult  to  exactly  control  the  chamber  pressure  and  pressurization  rate.  Also  the 
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Sample  holder 


Fig.  5(a)  Side  view  of  test  chamber  with  propellant  sample  installed 


Pressure  Transducer 


Fig.  5(b)  Center-plane  cross-sectional  view  of  test  chamber 


evolution  of  flame  on  the  booster-propellant  surface  and  the  ignition  delay  between  the  booster  and  main 
propellant  grains  were  not  easily  predicted.  All  of  these  factors  made  fine  adjustments  of  test  setup  (such 
as  nozzle  throat  area  and  chamber  fi’ee  volume)  between  consecutive  tests  necessary  to  maneuver 
chamber  conditions  toward  the  target  conditions. 

In  total,  twenty  tests  were  conducted  and  results  of  some  of  the  tests  are  summarized  in  Table  1  The 
omitted  tests  were  baseline  tests  and  tests  using  another  type  of  propellant  conduced  prior  to  the  receipt 
of  the  Titan  IV  samples  fi'om  CSD.  As  shown  in  Table  1,  each  test  showed  flame  spreading  into  the  slit. 
However,  not  all  of  them  met  the  above  five  criteria. 

(1)  Tests  #  3,  5,  and  7  met  all  other  criteria  except  Item  3  since  the  samples  were  not  under  pre- 
compression  strain  in  these  three  tests. 

(2)  Tests  #  13,  14,  16,  17,  and  20  met  all  other  criteria  except  Item  5  because  the  flame  spreading 
was  seen  to  occur  near  the  end  of  the  test  run. 

(3)  Tests  #  1 1,  18,  and  19  didn't  meet  more  than  one  criteria. 

(4)  Test  #  12  met  all  other  criteria  except  that  the  chamber  pressure  at  the  flame  penetration  was 
higher  than  1000  psia. 

(5)  Only  Test  #1 5  showed  flame  spreading  through  the  propellant  slit  and  met  all  of  the  above  five 
criteria. 

Figures  6  and  7  show  time  variations  of  pressure  and  pressurization  rate  of  Tests  #12  and  15, 
respectively.  The  time  of  light  emission  seen  on  the  window  side  of  the  sample  is  marked  in  these  figures. 

Based  upon  the  above  observations,  it  was  found  that  the  occurrence  of  flame  spreading  into  a  slit  is 
possible  in  a  motor  analog  environment  under  the  test  conditions  similar  to  the  igmtion  transient  of  the 
Titan  IV  SRM.  Although  it  is  difficult  to  make  direct  extrapolation  of  lab-scale  tests  to  large-scale  motor 
firings,  this  series  of  tests  indeed  provides  localized  experimental  evidence  of  the  possibility  of  flame 
spreading  into  a  propellant  slit  and  warrants  appreciable  considerations  when  dealing  with  actual  SRMs. 
After  evaluating  test  results  of  this  study  and  their  own  investigations,^  the  K-1 1  Test  Team  concluded 
that  the  flame  spreading  into  the  knife-cuts  resulting  from  the  repair  procedure  was  the  most  probable 
cause  responsible  for  the  Titan  IV  K-1 1  failure. 

It  is  surprising  to  see  that  the  flame  spreading  can  still  occur  in  samples  under  sufficient  amounts  of 
compression.  This  is  because  the  slit  was  not  totally  closed  even  under  compression  (as  shown  in  Figs. 
3  and  4).  Considering  the  fact  that  flame  standoff  distances  are  so  small  at  high  pressures  (on  the  order 
of  tens  of  micrometers),  the  best  way  to  avoid  flame  spreading  seems  to  be  totally  closing  the  gap  width 
of  the  slit.  Another  way  is  to  groove  out  the  slit  region  and  replace  it  with  suitable  inhibiting  material 
which  can  adhere  to  the  propellant  surface. 


CONCLUSIONS 

The  propensity  of  flame  spreading  into  slits  under  conditions  similar  to  the  ignition  transient  of  the  Titan 
IV  SRM  was  evaluated  using  a  motor  analog.  It  was  found  that  it  is  possible  for  flame  spreading  to 
occur  under  established  target  test  conditions.  Based  on  a  series  of  studies,  including  this  investigation, 
the  Titan  IV  K-ll  test  team  concluded  that  flame  spreading  into  the  knife-cuts  left  after  an  SRM 
propellant/restrictor  repmr  was  the  most  probable  cause  of  the  K-ll  failure  on  August  2,  1993. 

Even  though  applying  certain  degrees  of  compression  to  test  samples  could  reduce  the  possibility  of  flame 
spreading,  compression  can  not  totally  eliminate  this  possibility  because  gap  widths  of  finite  size  could 
exist  near  the  cut  zones  of  the  propellant  sample.  Since  no  cut  surfaces  can  be  perfectly  flat,  flame 
spreading  could  occur  even  under  sufficient  degrees  of  compressive  strain.  In  general,  it  is  believed  that 
more  extensive  study  is  definitely  necessary  for  establishing  more  comprehensive  theories  and  working 
criteria  for  engineering  applications. 
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TABLE  1 

Test  Results  of  Flame  Spreading  into  a  Propellant  Slit 


Test 

No. 

Slit 

Dq)th 

(in) 

Sample 

CompressitMi 

(%) 

Slit  Gap 
Width 
(mils) 

Time*  of 
Fhone 
P«ietratim 
into  Slit 
(sec) 

Time- of 
Sample 
Bum-out 
(sec) 

Valid  Early 
Flame 
PenctrahcMi 

Pressure  at 
P«ictrati<m 
(P)  or  Max. 
Pres^e  (M) 
(psig) 

dP/dt^ 
Penctratkm 
(P)  or  Max. 
dP/dt(M) 
(psi/s) 

3 

0.36 

0.0 

n/a 

n/a 

yes 

mil 

830  (P) 

5 

0.33 

0.0 

n/a 

n/a 

n/a 

yes 

220  (?) 

7 

0.33 

0.0 

n/a 

n/a 

n/a 

yes 

220  (?) 

1410  (P)  1 

8 

0.35 

1.17 

n/a 

n/a 

n/a 

no 

1150  (M) 

5010  (M) 

11 

0.28 

0.7-1.16 

(0.1 

2.02 

2.19 

no 

1900  (M) 

12 

0.33 

0.46-0.54 

(O.I 

0.57 

2.19 

yes 

mm 

13 

0.30 

0.47-0.56 

(O.I 

2.92 

3.05 

DO 

3265  (M) 

14 

0.25 

0.42-0.57 

(0.1 

2.34 

3.16 

no 

625  (M) 

2675  (M) 

15 

0.21 

0.36-0.51 

0.25-0.1 

0.90 

3.04 

yes 

444  (?) 

2385  (P) 

16 

0.24 

0.50 

(0.1 

2.40 

2.90 

no 

2816  (M) 

17 

0.23 

0.36-0.41 

0.25-0.1 

2.49 

2.88 

no 

3400  (M) 

18 

0.21 

0.34-0.44 

(0.1 

2.87 

3.00 

no 

1012  (M) 

3484  (M) 

19 

0.19 

0.43-0.60 

0.25-0.1 

2.43 

2.66 

no 

6500  (M) 

20 

0.23 

0.41-0.54 

0.25-0.1 

2.72 

2.78 

no 

740  (M) 

2313  (M)  1 

Note: 

*  “  Time  was  measured  from  the  initiation  of  ignition  trigger 
n/a  ~  not  available  (not  recorded  or  not  measured) 

1  psi  =  6894.7  Pa 
1  in  =  2.54  cm 

1  mil  =  0.001"  =  0.00254  cm 
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Recorded  time  variations  of  pressure  and  pressurization 
near  the  crack  entrance  location  (Test  #  12). 
arrows  indicate  the  time  of  li^t  emission  seen  on 
window  side  of  the  cut  slit 


Fig.  7  Recorded  time  variations  of  pressure  and  pressurizanon 
rate  near  the  crack  entrance  location  (Test  #  15). 

The  arrows  indicate  the  time  of  light  emission  seen  on 
the  window  side  of  the  cut  slit 
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COMMENTS 

1.  Professor  Hiltmar  Schubert,  ICT,  Fraunhofer,  Germany: 

I  would  like  to  remind  the  authors  of  a  paper  written  about  25  years  ago  by  a  Japanese  expert 
published  in  the  JPL  Journal  about  flames  spreading  into  slits.  He  found  that  the  slit  has  to  be  more 
than  0. 1  mm  wide  for  flames  to  spread. 

Authors’  Reply: 

We  are  familiar  with  T.  Godai’s  work  in  Japan  on  the  subject  of  flame  spreading  into  propellant 
cracks.  He  utilized  the  concept  of  quenching  distance  to  arrive  at  a  threshold  distance  below  which 
the  flames  will  not  propagate  into  the  propellant  crack.  This  concept  cannot  be  applied  to  the 
dynamic  pressurization  of  propellant  grains  with  defects,  since  the  propellant  material  is  viscoelastic 
and  the  defect  region  can  expand  to  allow  hot  combustion  product  gases  to  penetrate  into  the  cracked 
region,  resulting  in  motor  failure  and  subsequent  explosion. 
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EVALUATION  OF  THE  EFFECTIVENESS  OF  AN  INDUSTRIAL  REPAIR 
PROCEDURE  FOR  SOLID  PROPELLANT  GRAINS 


Dan  Cohen,  Kenneth  K.  Kuo,  Steven  J.  Ritchie,  Yeu-Cherng  Lu 

Department  of  Mechanical  Engineering 
The  Pennsylvania  State  University ^  University  Park,  PA  16802  USA 


ABSTRACT:  Voids  and  defects  can  exist  in  solid  propellant  grains  as  a  result  of  the  manufacturing 
process,  transportation,  or  storage.  For  cases  where  the  damage  is  not  too  severe,  it  is  possible  to 
salvage  the  grain  segment  by  employing  an  appropriate  repair.  A  new  repair  procedure  has  been 
developed  by  United  Technologies/Chemical  Systems  Division  (UT/CSD)  for  the  Titan  IV  solid 
rocket  motor  (SRM)  propellant  grains.  The  repair  procedure  involved  removing  the  damaged  region 
of  solid  propellant  and  replacing  the  cavity  with  a  specially  formulated  potting  compound.  This 
investigation  has  been  undertaken  to  evaluate  the  effectiveness  of  this  procedure.  A  high-pressure 
windowed  test  rocket  motor  was  modified  and  employed  as  a  motor  mialog  to  simulate  the 
combustion  environment  in  actual  rocket  motors.  Propellant  samples  were  sized  to  provide  long 
bum  time  in  order  to  verify  the  repair  effectiveness  throughout  the  test  duration.  Repaired  propellant 
samples  were  tested  under  several  pressure  levels  to  evaluate  the  repair  effectiveness.  Additionally, 
samples  with  un-repaired  slits  were  also  tested  to  evaluate  the  propensity  for  a  flame  to  propagate 
into  a  cut  defect  in  order  to  establish  the  validity  of  the  repair  tests.  Based  on  test  results,  it  was 
found  that  the  suggested  repair  procedure  was  effective  enough  to  prevent  the  occurrence  of  flame 
spreading  into  repaired  regions.  The  repair  procedure  evaluated  was  found  to  be  effective  up  to  the 
maximum  tested  pressure  level  of  8.3  MPa. 


NOMENCLATURE 


A 

AP 

D 

HTPB 

L 

MW 

P 

R 

RSRM 

T 

X 


a 

d 

n 

fb 


=  area  [cm^] 

=  ammonium  perchlorate 
=  diameter  [cm] 

=  hydroxyl  terminated  polybutadiene 
=  length  [cm] 

=  molecular  weight  [kgAcmol] 

=  pressure  [MPa] 

=  gas  constant  [J/kg/K] 

=  Redesigned  Solid  Rocket  Motor 
=  adiabatic  temperature  [K] 

=  coordinate  along  burning  direction 
(X=0  at  initial  sample  surface)  [cm] 

=  burning  rate  pre-exponent  [cm/s -MPa  "] 
=  slit  depth  [cm] 

=  burning  rate  exponent 
=  solid  propellant  burning  rate  [cm/s] 


t  =  time  [s] 

w  =  slit  width  [cm] 

J=  ratio  of  specific  heats 
=  wavelen^h  [nm] 
p  =  density  [g/cm^] 


Subscripts 


DM 

FS 

G 

P 

b 

f 


=  driver  motor 
=  flame  spreading 
=  grain 
=  propellant 
=  burning 
=  flame 


noz  =  nozzle 

ref  =  reference 

th,  *  =  throat 
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INTRODUCTION 


Flame  spreading  into  propellant  grain  defect  regions  such  as  cracks  and  debonds  can 
sometimes  lead  to  very  undesirable  burning  behavior  during  the  operation  of  solid-propellant  rocket 
motors  (This  topic  has  been  studied  by  many  notable  researchers,  as  summarized  by  Kuo  and 
Kooker^  in  their  recent  review  article).  Therefore,  precautions  must  be  taken  to  avoid  the  creation 
of  any  such  defects  during  the  manufacture,  storage  and  transportation  of  propellant  grains.  In  order 
to  utilize  propellant  grains  with  moderate  defects,  an  appropriate  repair  procedure  has  to  be 
established  and  strictly  followed  to  minimize  the  potential  of  flame  spreading  into  the  repaired 
regions.  The  effectiveness  of  any  specific  repair  procedure  has  to  be  assessed  thoroughly  before  it 
is  accepted  for  application  to  field  services. 

Testing  of  a  suggested  repair  procedure  using  a  motor  analog  is  the  first  step  in  the  screening 
process  and  represents  a  very  economical  method.  The  information  obtained  from  this  study  can  not 
only  demonstrate  the  effectiveness  of  a  given  repair  procedure,  but  also  assist  in  the  establishment 
of  a  final,  reliable  repair  procedure.  The  major  objectives  of  this  investigation  are:  (1)  to  provide 
experimental  evidence  showing  that  the  occurrence  of  flame  spreading  into  a  properly  repaired 
region  can  be  avoided,  and  (2)  to  illustrate  the  abnormal  burning  behavior  when  flame  propagates 
into  an  unrepaired  crack  region  under  operational  conditions  similar  to  those  in  SRMs. 

Based  upon  the  above  mentioned  motivation,  unrepaired  samples  with  slits  were  used  for 
studying  the  flame  spreading  into  cracks  (FSIC)  phenomena.  Propellant  samples  repaired  with  a 
suggested  procedure  were  tested  to  evaluate  the  effectiveness  of  the  repair  in  preventing  flame 
spreading  from  occurring.  Aluminized  AP/HTPB  composite  propellant  samples  were  processed  and 
supplied  by  UT/CSD.  Tests  were  performed  using  a  motor  analog  which  can  maintain  a  steady 
chamber  pressure  for  a  reasonable  time  duration  (^20  seconds).  Detailed  experimental  setup,  data 
acquisition  systems,  test  procedure,  and  test  results  are  described  in  the  following  sections. 

In  a  related  investigation,  Kuo,  et  al.^  studied  the  propensity  of  flame  to  spread  into 
propellant  slits  under  pre-specified  target  test  conditions  simulating  certain  nominal  Titan  TV  SRM 
ignition  transient  conditions.  The  motor  analog  was  able  to  closely  simulate  the  chamber  pressure, 
pressurization  rate,  degree  of  sample  compression  prior  to  ignition,  and  sample  cut  depth.  A  series 
of  tests  were  executed  in  a  small  windowed  test  chamber  in  order  to  estimate  the  influence  of  these 
test  variables  on  flame  penetration  under  these  conditions.  Results  showed  that  flame  spreading 
occurred  in  all  tests  with  samples  under  no  compression;  flames  penetrated  slits  at  pressures  between 
1.0  - 1.5  MPa  (140  -  220  psia),  and  pressurization  rates  between  5.7  -  36.5  MPa/s  (830  -  5300  psi/s). 
Flame  spreading  into  slits  was  observed  in  about  20%  of  the  tests  performed  with  the  slit  under 
compressive  strain  (0.3%  -  1.2%).  In  view  of  this  significant  percentage  of  flame  penetration,  a 
repair  procedure  has  been  highly  recommended.  In  this  study,  thirteen  tests  were  performed  in  a 
large  windowed  test  motor  to  evaluate  the  effectiveness  of  the  repair  procedurel  The  following 
sections  provide  a  detailed  description  of  the  experimental  setup,  sample  preparation  procedure, 
instrumentation,  and  test  results. 
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Pressure  Tronsducer  (;p7)  Ports 


EXPERIMENTAL/ANALYTICAL  APPROACH 


The  facility  utilized  for  the  FSIC  study  was  an  existing  test  rig  originally  designed  for  erosive 
burning  investigations  of  solid  propellants'^.  Figure  1  is  a  schematic  diagram  showing  various 
components  of  the  setup  (drawn  from  the  FSIC  window  side).  Extensive  modifications  were  made 
to  the  main  combustion  chamber  to  accommodate  FSIC  testing,  with  much  of  the  chamber  interior 
re-designed  and  the  addition  of  a  vertical  window  for  observation  of  any  abnormal  flame  spreading 
and  propellant  regression  phenomena.  The  chamber  consists  of  three  large  plates  referred  to  as  the 
"back",  "middle",  and  "front"  plates  (see  Fig.  2).  As  shown  in  both  Figs.  1  and  2,  FSIC  observation 
is  from  the  rear,  via  a  vertical  window  port  cut  into  the  back  plate.  All  chamber  and  test  rig 
interfaces  are  sealed  with  Viton  (fluorocarbon)  0-rings.  Most  interior  stainless  steel  surfaces  are 
lined  with  ablative  graphite  material  to  avoid  direct  contact  with  corrosive  combustion  product 
gasses.  In  addition,  the  driver  motor  and  exit  nozzle  components  were  modified.  The  graphite 
inserts  downstream  of  the  driver  motor  convert  the  axi-symmetric  profile  of  the  flow  to  a  2-D 
geometry.  Ignition  of  the  driver  grain  was  accomplished  via  electrical  initiation  of  a  small  ignition 
charge,  via  a  feedthrough.  The  hot  combustion  gasses  from  the  driver  motor  ignite  the  FSIC 
propellant  sample  rapidly.  For  the  FSIC  test  series,  an  inert  block  replaced  the  propellant  at  the 
erosive  burning  location.  The  prepared  FSIC  sample  assembly  (in  its  holder  with  the  attached 
sacrificial  window)  is  placed,  inset  into  the  back  chamber  piece,  as  shown  in  Fig.  2.  When  the  front 
chamber  piece  is  fastened  to  the  assembly,  the  entire  sample  window  surface  comes  into  contact  with 
the  main  window. 


Fig.  2  Composite  Cross-Section  View  of  FSIC  Chamber  Assembly  (from  top) 
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Compressible  EPDM  rubber  strips  were  mounted  on  the  back  of  the  sample  holder  in  order 
to  allow  for  minor  tolerance  variations  as  well  as  to  achieve  good  contact  between  the  propellant  and 
sacrificial  window  during  assembly.  A  double  0-ring  anrangement  maintains  the  pressure  seal 
between  the  windows  and  test  chamber.  Figure  2  describes  this  window  arrangement  with  respect 
to  the  sample  holder  positioning.  A  gaseous  purge  system  (as  shown  in  Fig.  1)  was  used  for  post  test 
chamber  cool-down,  and  to  eradicate  harmful  gases  from  the  chamber. 


Driver  Motor  Description 

End-burning  driver  grains  manufactured  by  Industrial  Solid  Propulsion,  Inc.  were  employed 
as  gas  generators  for  FSIC  testing.  These  grains  were  supplied  as  cartridges  made  to  fit  the  CP 
(Center-Perforated)  Aerojet  5C3-9  motor  hardware  used  in  previous  erosive  burning  tests.  The 
driver  grain  is  described  in  Table  1.  The  end-burning  cylindrical  driver  grain  is  slightly  tapered 
(burning  towards  increased  burning  surface  area)  to  partially  compensate  for  nozzle  erosion.  An 
end-burning  grain  does  not  always  bum  back  in  a  flat  or  even  fashion  due  to  coning  or  non-uniform 
ignition.  This  non-uniform  burning  can  result  in  flame  spreading  to  the  head-end,  and  the  resulting 
sudden  increase  in  burning  area  could  lead  to  an  over-pressurization.  Therefore,  the  head-end 
surface  of  the  grain  was  inhibited  with  a  restrictor  material. 


Table  I.  End-Burning  Driver  Grain  Specifications 


ISP-P-8222  (81.9%  AP,  17  %  HTPB,  1%  bum  rate  catalyst,  0.1  %  C)  | 

Pp 

1.641  gfcm^ 

a 

0.7172  an/s-MPa-" 

Tr 

2580  K 

n 

0.284 

MW 

23.33  kg/kmol 

rb@P«f* 

1.165  cm/s 

7 

1.22 

19,74  s 

23.18 

Avg.  Dg^m 

11.57  cm 

*Pref  is  the  reference  test  pessure  d  552  MPa  (800  psi) 


The  igniter  was  composed  of  an  M- 105  electric  match  surrounded  by  a  plastic  bag  containing 
2g  of  Boron  potassium  nitrate  (BKNO3)  granules.  This  assembly  was  enclosed  in  a  larger  bag 
containing  25g  of  BKNO3  pellets  in  the  form  of  tablets  (D=0.63  cm,  max.  thickness  =  0.34  cm).  The 
igniter  was  positioned  near  the  center  of  the  initial  burning  surface,  as  shown  in  Fig.  1.  This  igniter 
composition  was  found  to  be  effective  in  consistently  igniting  the  end-burning  driver  grains  with  a 
very  short  ignition  delay  and  suitable  pressurization  characteristics. 


Sample  Preparation 

A  critical  element  for  achieving  successful  tests  is  the  sample  preparation  procedure.  Five 
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system  check-out  tests  were  conducted  to  debug  the  test  facility  and  to  develop  a  reasonable  sample 
preparation  procedure  as  described  below. 

Most  of  the  tests  were  carried  out  using  propellant  samples  supplied  by  UT/CSD.  The 
approximate  (finished)  dimensions  of  the  UT/CSD  samples  are  a  3.10  cm  x  3.58  cm  (1.22”  x  1.41”) 
cross-section  by  a  20.32  cm  (8")  length.  The  initial  sample  processing  by  UT/CSD  involved  several 
steps: 


( 1 )  First,  the  propellant  blocks  were  rough  cut 

(2)  A  slit  was  cut  2.5  cm  (1")  from  the  sample  top  extending  1.3  cm  (0.51")  from 
the  sample  end,  to  a  depth  of  about  0.8cm  (0.39"). 

(3)  The  slit  was  "removed"  using  a  cylindrical  blade.  This  resulted  in  a  semi-cylindrical 
groove. 

(4)  AL227-70  potting  compound  (a  chemical  product  of  UT/CSD)  was  poured  into  the 
repair  groove  and  allowed  to  cure. 

(5)  The  propellant  sample  was  than  machined  to  its  final  dimensions. 

The  AL227-70  potting  compound  is  an  epoxy-like  substance  specially  formulated  for  propellant 
repairs.  It  has  mechanical  properties  similar  to  those  of  the  propellant  material,  but  it  is  essentially 
inert.  For  the  cut  samples  utilized  in  tests  #26  and  #30,  steps  (3)  and  (4)  were  left  out.  For  the 
translucent  repair  utilized  in  test  #3 1 ,  a  grooved  sample  was  repaired  at  PSU  with  potting  compound 
without  the  carbon  black  opacifier.  For  a  description  of  sample  and  cut/repair  geometry,  refer  to 
Figure  3.  In  addition  to  the  samples,  UT/CSD  supplied  the  potting  compound  and  EPDM  rubber 
insulation  which  were  required  to  install  the  samples  into  the  sample  holder.  The  mass  fraction 
composition  of  the  material  used  for  sample  repairs  was  69.75%  AL227-70  (potting  compound), 
30%  DER  332  (epoxy  resin,  a  product  of  Dow  Chemical),  and  0.25%  carbon  black  (opacifier).  The 
standard  composition  was  used  in  all  repair  tests,  with  the  exception  of  test  #31  where  the  carbon 
black  was  not  used. 


Fig.  3  Schematic  Diagram  of  FSIC  Sample 
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Four  types  of  samples  were  tested  for  different  purposes: 

•  Blanks,  undamaged  sampled  for  system  checkout/baseline  testing 

•  Cut  samples  (unrepaired)  -  with  a  0.95  cm  (0.37")  deep  cut  or  slit  extending  16.5 
cm  (6.5"),  starting  2.5  cm  (1")  from  the  sample  top,  for  flame  spreading 
evaluation.  See  "Initial  Knife  Cut"  in  Fig.  3. 

•  Samples  with  standard  repairs  -  propellant  around  the  cut  was  grooved  out  and 
repaired  with  the  standard  opaque  composition  for  repair  validation.  See  "Potted 
Knife  Groove"  in  Fig.  3. 

A  sample  with  a  translucent  repair  -  same  as  above,  except  carbon  black  opacifier 
was  eliminated  from  the  repair  composition. 


The  test  sample  installed  in  the  sample  holder  is  shown  schematically  in  Figure  4  (top  cross-sectional 
view)  and  Figure  5  (front  and  side  views).  The  installation  of  the  sample  into  the  sample  holder  was 
earned  out  using  a  two-step  procedure.  The  sample  and  the  EPDM  insulation  material  were  glued 
into  the  sample  holder  using  the  potting  compound  (without  opacifier).  This  assembly  was  allowed 
to  cure  for  at  least  sixteen  hours  before  the  plexiglass  window  was  glued  into  place  on  the  front  face 
of  the  sample.  Metal  shims  were  utilized  to  assure  a  uniform  thickness  of  potting  compound 
between  the  viewing  sample  surface  and  the  sacrificial  window.  Prior  to  the  window  attachment, 
markings  were  painted  on  the  front  surface  of  the  sample  in  order  to  aid  focusing  of  the  high-speed 
cameras.  The  translucent  potting  compound  composition  was  used  for  adhering  the  sacrificial 
plexiglass  window  to  the  propellant  sample.  Also,  for  several  tests,  tracer  chemicals  were  imbedded 
at  various  locations  along  the  length  of  the  sample  near  the  repaired  region. 


Sample 


Fig.  4  Cross-sectional  View  of  FSIC  ftt)pellant  Sample  Mounted  in  its  Holder 
Tracer  Salt  Technique 

The  tracer  detection  technique^, ^  involves  the  placement  of  a  small  quantity  of  the  chemical 
tracer  at  known  locations  in  the  propellant  grain.  A  few  milliseconds  after  exposure  to  combustion 
gases,  the  salt  tracer  is  thermally  excited  and  emits  radiation.  The  emission  signal  of  the  particular 
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Front  View 


Side  View 


Fig.  5  FSIC  Sample  Holder  Assembly 

tracer  is  then  detected  in  the  plume.  The  approach  adopted  in  this  study  involves  the  use  of 
inexpensive  photodiodes  and  narrow  band-pass  filters  to  restrict  the  detector's  range  to  that  of  the 
emission  wavelengths  of  the  chemical  tracer.  A  multichannel  data  acquisition  system  was  used  to 
continuously  record  the  photodetector  signals  versus  time.  Correlating  the  known  locations  of  the 
tracer  salt  samples  along  with  the  time  of  onset  of  the  signals  in  the  plume,  the  time  of  occurrence 
can  be  readily  determined.  Thus,  this  technique  can  be  used  to  determine  the  flame  front  arrival 
times  at  specific  locations.  In  this  study,  the  technique  was  utilized  to  help  determine  the  occurrence 
of  flame  spreading  or  failure  of  the  repair.  Because  the  standard  repair  material  is  opaque,  one  could 
not  ordinarily  observe  flame  spreading  behind  the  repair  by  visual  means  -  so  this  technique  is 
particularly  suitable.  Several  FSIC  samples  had  rubidium  sulfate  (Rb2S04)  or  boron  potassium 
nitrate  (BKNO3)  embedded  at  known  locations  during  preparation.  In  the  case  of  the  cut  samples, 
the  tracer  was  inserted  adjacent  to  the  cut  line  and  for  the  repaired  sample,  the  tracer  was  inserted 
behind  the  repair  material.  Typical  tracer  data  are  presented  along  with  the  test  results. 


Nozzle  Sizing 

Chamber  pressure  is  controlled  via  a  set  of  interchangeable  graphite  nozzles.  The  results  of 
a  simple  nozzle  sizing  analysis  for  target  chamber  pressures  based  on  mass  balance  in  the  test 
chamber,  using  an  estimated  graphite  erosion  rate  of  0.15  mm/s  (0.006  in/s)  for  class  ATI  graphite 
and  accounting  for  the  motor  grain  taper,  is  given  in  Table  H.  The  mass  flow  rate  of  the  combustion 
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products  through  the  nozzle  are  assumed  to  consist  of  mass  burning  rates  of  the  driver  motor  grain 
and  of  the  propellant  sample.  The  choked  flow  equation  was  used  to  relate  the  throat  areas  with  the 
chamber  pressure  and  flow  rate  through  the  nozzle.  The  goal  pressures  at  all  three  specified  levels 
were  typically  met  within  +/-  0.34  MPa  (+/-  50  psi)  during  the  driver  grain  bum  duration. 


Table  II.  Nozzle  Sizing  Analysis 


Chamber  Pressure,  MPa  (psi) 

5.52  (800) 

6.90(1000) 

8.27  (1200) 

Mass  Generation  Rate,  kg/s  (Ibm/s) 

0.216  (0.477) 

0.230(0.508) 

0.242  (0.534) 

Initial  A*,  cm^  (in^) 

0.495  (0.0765) 

0.456  (0.0707) 

0.389  (0.0603) 

Initial  D*,  cm  (in) 

0.794  (0.312) 

0.762  (0.300) 

0.704  (0.277) 

Instrumentation 

Pressure  measurement  was  carried  out  using  several  Kistler  601B1  and  601B122 
piezoelectric  pressure  transducers  mounted  in  water  cooled  jackets.  Signals  from  these  transducers 
were  transmitted  to  Kistler  504E  charge  amplifiers  by  shielded  high  impedance  cables.  The  voltage 
outputs  of  the  charge  amplifiers  were  captured  on  a  Nicolet  Multipro  system  (including  an  IBM 
compatible  486  computer  controller).  Pressure  measurements  were  typically  made  at  four  locations: 
just  downstream  of  the  initial  burning  surface  of  the  end-burning  driver  grain  (Pj),  the  test  chamber 
entrance  (P^),  and  two  positions  above  the  FSIC  samples  (represented  as  Pg  and  P^).  These  positions 
can  be  identified  in  the  side-view  schematic  diagram  that  was  presented  in  Figure  1,  or  from  another 
perspective  in  Figure  6.  In  each  test,  P-t  traces  at  these  four  locations  tracked  one  another  quite 
closely,  within  +/-  0.14  MPa  (+/-  20  psi).  Pressure  data  presented  in  this  paper  was  taken  from  the 
most  downstream  transducer  above  the  FSIC  sample  (i.e.,  P^). 

Each  test  event  was  recorded  from  several  orientations  using  five  separate  cameras.  Their 
locations  relative  to  the  test  facility  can  be  identified  in  Figure  6.  The  primary  visual  data  was 
obtained  by  a  16mm  HYCAM  high-speed  movie  camera  and  a  Spin  Physics  SP2000  high-speed 
video  camera  system.  A  view  of  the  FSIC  window  by  both  cameras  was  made  possible  by 
turning  the  image  path  by  90®,  using  two  mirrors.  The  first  mirror  is  a  semi-transmissive 
mirror  that  acts  as  a  beam  splitter  reflecting  50%  and  also  transmitting  4  to  8%  of  the  incident  light. 
This  mirror  was  oriented  in  such  a  way  that  the  reflected  portion  was  observed  and  recorded  by  the 
HYCAM  camera  and  the  transmitted  portion  continued  on  to  a  second,  fully  reflective  mirror.  This 
second  mirror  is  oriented  towards  the  Spin  Physics  video  camera.  Behind  the  mirrors,  a  piece  of 
black  opaque  cloth  materid  was  mounted  to  prevent  stray  light  from  behind  the  mirrors  interfering 
with  the  transmitted  image.  Both  of  these  cameras  were  focused  on  the  propellant  sample  surface. 
The  camera  exposure  settings  were  established  during  the  system  checkout  runs  and  by  estimations 
of  light  intensity.  The  HYCAM  provided  the  most  useful  photographic  data,  with  the  only 
disadvantage  being  that  it  was  required  to  wait  for  film  processing.  Thus,  for  backup  purposes,  and 
in  order  to  know  the  outcome  of  each  test  immediately,  the  Spin  Physics  camera  was  also  used.  The 
Spin  Physics  has  a  lower  resolution  than  the  HYCAM,  but  it  has  the  benefit  of  instant  playback  and 
the  capacity  for  digitization  and  image  processing.  Most  of  the  detailed  analysis  presented  in  the  test 
summaries  was  based  on  the  images  recorded  on  HYCAM  16mm  films.  For  the  repair  tests,  the 
HYCAM  and  Spin  Physics  cameras  operated  at  2000  and  1000  pictures/second,  respectively.  For 
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the  cut  tests  (where  relatively  faster  events  were  anticipated),  the  HYCAM  and  Spin  Physics  cameras 
operated  at  2800  and  1500  pictures/second,  respectively.  The  remaining  three  video  cameras  were 
used  to  monitor  the  test  rig  for  any  unexpected  problems  or  anomalies  such  as  chamber  leakage. 
They  provided  top,  front,  and  downstream  (including  the  exhaust  plume)  views  of  the  test  setup. 
Exhaust  fans  mounted  on  the  rear  of  the  test  frame  kept  the  camera  views  un-obstructed  by  any 
smoke  drawn  back  from  the  exhaust  plume. 

Instrumentation  for  detection  of  chemical  tracers  in  the  plume  included  a  silicon  photo-diode 
detector,  a  light  chopper,  a  narrow  band  filter  (10  nm  wide  centered  on  the  primary  spectral  line  of 
each  of  the  salts  used),  and  a  signal  amplifier  system.  Spectral  signal  traces  were  acquired  and 
recorded  on  a  Nicolet  Multipro  multichannel  digital  oscilloscope.  It  was  necessary  to  limit  the 
detector  sensitivity  range  to  the  tracer  signal  wavelengths  via  the  narrow-band  filters  in  order  to 
mask  out  the  intense  background  radiation  which  is  present  in  the  combustion  product  gases  of 
aluminized  propellant.  The  detector  instmmentation  is  schematically  drawn  in  an  inset  to  Figure  6. 

The  remote  control  center,  located  outside  the  test  cell  consisted  of  a  Nicolet  Multipro  data 
acquisition  system,  a  computer  controller,  a  set  of  six  charge  amplifiers,  a  Spin  Physics  video  control 
unit,  VCRs  for  recording  images  from  Video  #1  and  Video  #2,  display  monitors  for  live  viewing  of 
the  test  facility  during  the  test  run,  and  the  ignition  control  switch  panel.  The  ignition  control  circuit 
used  in  this  investigation  was  designed  not  to  directly  initiate  ignition  of  the  igniter  charge.  Rather, 
the  final  switch  in  the  ignition  sequence  was  the  HYCAM  camera  start  switch.  The  ignition  circuit 
was  remotely  activated  by  an  event  switch,  which  was  triggered  when  the  movie  film  passed  a 
certain  prespecified  footage  setting  on  the  HYCAM  camera.  To  assure  the  attainment  of  the 
desirable  framing  rate,  the  footage  setting  was  chosen,  so  that  the  ignition  was  initiated  after  the 
initial  acceleration  period  of  the  movie  film.  After  a  short  delay,  the  driver  motor  was  fully  ignited, 
and  then,  the  hot  combustion  products  from  the  driver  motor  ignited  the  FSIC  sample. 


Discussion  of  Experimental  Results 

Five  system  checkout  tests  (FSIC  Test  #21-#25)  were  carried  out  to  debug  the  test  facility. 
Over  the  course  of  these  tests,  several  major  system  modifications  were  accomplished.  Propellant 
samples  used  in  tests  #26  and  #30  had  cuts  (but  without  any  repair)  prepared  by  UT/CSD.  The 
purpose  of  these  tests  was  to  evaluate  the  propensity  for  flame  to  penetrate  into  and  propagate 
through  the  cut  region  in  this  motor  analog.  Tests  #27-#29  evaluated  UT/CSD  standard  repair 
samples  at  the  5.52  MPa  (800  psi)  chamber  pressure  range,  and  tests  #32  and  #33  evaluated  UT/CSD 
repair  samples  at  pressures  of  6.90  and  8.27  MPa  (1000  and  1200  psi),  respectively,  in  order  to 
evaluate  the  effect  of  pressure  on  the  effectiveness  of  the  repair  procedure.  FSIC  test  #31  utilized 
a  UT/CSD  sample  repaired  at  PSU  with  translucent  potting  compound  and  run  at  the  standard  test 
pressure  of  5.52  MPa  in  order  to  evaluate  the  effect  of  an  opacifier  in  the  repair.  These  sample 
configurations,  chamber  pressures,  and  overall  test  results  are  summarized  in  Table  III. 
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Table  III.  Summary  of  Test  Results 


Test# 

Sample  Configuration 

Pressure  Specified  MPa  (psi) 

Flame  /  Repair  Status 

21-25 

Blank 

5.52(800) 

System  check-out 

26 

Cut  along  sample 

5.52  (800) 

Flame  penetrates  cut 

27 

Standard  Repair 

5.52  (800) 

Repair  is  successful 

28 

Standard  Repair 

5.52  (800) 

Repair  is  successful 

29 

Standard  Repair 

5.52  (800) 

Repair  is  successful 

30 

Cut  with  Barrier 

5.52(800) 

Flame  “flash-down”  into  cut 

31 

Translucent  Repair 

5.52(800) 

Repair  is  successful 

32 

Standard  Repair 

6.90(1000) 

Repair  is  successful 

33 

Standard  Repair 

827  (1200) 

Repair  is  successful 

Interpretation  of  Reduced  Data 

The  reduced  data  for  these  tests  was  composed  of  P-t  traces,  flame  front  propagation  charts 
(reduced  from  high-speed  film  data),  and  tracer  emission  plots.  Some  errors  were  potentially 
introduced  in  the  film  analysis.  These  errors  could  result  from  (1)  image  displacement  caused  by 
slight  film  motion  during  projection,  (2)  uncertainties  regarding  ignition  delay  times  of  the  FSIC 
sample,  (3)  measurement  error  of  length  scale,  and  (4)  unevenness  of  burning  surface.  Thus,  the 
deduced  flame  front  trajectories  have  some  accuracy  limitations;  however  the  overall  behavior  is 
believed  to  be  well  represented,  with  an  estimated  total  error  of  6%.  The  flame  front  trajectories  (the 
same  as  burning  surface  trajectories  in  the  case  of  repaired  samples)  are  presented  in  Figure  7  for 
tests  #26-29  and  #31-33.  Test  #30  was  not  included,  since  a  very  rapid  flame  spreading  event 
precluded  detailed  observation  of  the  flame  front  motion.  In  all  repaired  sample  test  cases,  the 
speeds  of  the  flame  front  displacement  were  quite  constant  until  the  burnout  of  the  driver  motor 
grain,  which  is  observable  by  the  slope  change  near  the  end  of  these  test  runs.  For  tests  with  similar 
pressure  (#27,  #28,  #29,  and  #31),  the  burning  surface  trajectories  are  closely  grouped  (indicated 
good  repeatability),  while  the  higher  pressure  tests  (#32  and  #33)  are  clearly  separated.  For  test  #26, 
the  non-constant  flame  propagation  along  the  cut  line  is  due  to  unsteady  flame  penetration  along  the 
slit.  The  instantaneous  flame  front  contours  of  test  #26  are  shown  in  Figure  8.  Typical 
instantaneous  flame  front  contours  for  a  repaired  sample  are  shown  in  Figure  9.  Comparing  with 
Figure  8,  the  flame  front  contours  are  quite  uniform;  no  preferential  direction  of  burning  surface 
advancement  was  observed.  This  result  implies  that  the  repaired  region  exhibited  normal  burning 
behavior. 


Testing  of  Repaired  Samples 

In  most  pressure-time  traces  for  repaired  samples,  the  driver-grain  appears  to  bum  slightly 
progressively.  As  was  mentioned  previously,  the  motor  was  tapered  to  compensate  for  nozzle 
erosion.  However,  actual  nozzle  erosion  was  less  than  predicted;  as  a  result,  the  pressure  increased 
slightly  over  the  bum  duration.  Additionally,  a  small  peak  in  each  P-t  trace  was  observed 
immediately  prior  to  extinguishment  of  the  driver  grain.  This  is  believed  to  be  caused  by  a 
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Fig.  7.  Burning  Surface  Locations  vs.  Time 

momentary  increase  in  burning  surface  area  near  the  end  of  motor  operation. 

Pressure-time  traces  for  the  tests  utilizing  repaired  samples  (Tests  #27-29  and  #31-33)  are 
presented  in  Figure  10.  Little  variation  was  observed  in  the  burning  of  these  samples.  All  the  repair 
samples  evaluated  in  the  FSIC  test  series  appeared  to  perform  satisfactorily.  No  anomalous  burning 
behavior  such  as  preferential  burning  along  the  repair  region,  or  unusual  propagation  phenomena 
were  observed  in  these  test  runs.  In  Figure  10,  the  three  distinct  near  steady-state  pressure  levels  are 
apparent,  with  tests  #27-3 1  clustered  at  the  5.5  MPa  range,  test  #32  at  the  7  MPa  range  and  test  #33 
at  the  8.3  MPa  range.  The  pressure  trace  for  test  #32  does  indicate  some  irregularities,  however  even 
in  this  case  there  was  no  evidence  to  indicate  a  propellant  sample  repair  failure.  We  see  pressure  loss 
at  7.8,  10.1,  and  11.2  seconds.  The  exact  reason  for  these  irregularities  is  not  known.  It  is 
speculated  they  may  be  caused  by  either  anomalous  behavior  of  the  driver  motor  or  partial  failure 
of  the  nozzle  seals.  These  pressure  anomalies  are  definitely  not  caused  by  the  sample  burning  out 
prior  to  the  driver  motor  grain.  In  all  of  the  repair  sample  tests,  the  sample  burned  longer  than  the 
driver  motor,  as  indicated  by  video  records.  The  sample  alone  could  only  pressurize  the  chamber 
to  0.34  MPa,  not  the  5-6  MPa  level  where  the  pressure  variations  occurred.  This  type  of  behavior 
did  not  appear  in  any  of  the  other  tests.  Based  upon  the  data  obtained  from  this  set  of  tests,  no 
noticeable  difference  was  observed  in  the  repair  effectiveness  as  a  result  of  the  increased  pressure 
levels.  From  the  data  gathered  in  these  tests,  it  seems  that  the  repair  maintained  integrity  and 
effectiveness  to  at  least  the  tested  maximum  pressure  of  8.3  MPa  (1200  psi). 
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Flame  front 
propagation  mte  along 


Regression  rate  deduced 
from  visual  data  indicated 
a  nearly  constant  value  -0.76  cm/s 


flame  from  deceleration 


Scale 


Tune  (when  flame  front  assumes  drawn  profile) 


Scale 


Time  (wrhen  flame  front  assumes  drawn  profile) 


Figures.  Instantaneous  Rame  Front  Contours  on  the  Figure  9.  Instantaneous  Flame  Front  Contours  on  the 

Viewing  Surface  of  the  Cut  FSIC  Sample  (Test  No,  26)  Viewing  Surface  of  the  Repaired  Sample  (Test  No.  28) 

In  test  #31,  a  translucent  repair  was  utilized.  Here  as  well,  no  noticeable  difference  was 
observed  in  the  sample  burning  behavior  of  the  transparent  repair  compared  to  those  of  the  standard 
opaque  repairs.  The  recovered  repair  material  from  test  #3 1  was  somewhat  more  eroded  than  those 
recovered  from  other  tests.  However,  with  only  one  test  run  using  translucent  repair  material,  there 
is  insufficient  data  to  make  any  conclusive  statements  regarding  the  effect  of  the  opacifier  in  the 
repair.  In  addition,  radiation  effects  may  not  scale  linearly  to  the  full  scale  scenario.  Nevertheless, 
to  eliminate  in-depth  radiation  absorption,  it  is  recommended  that  the  repair  material  include  an 
opacifier  ingredient  such  as  carbon  black. 


Testing  of  Samples  with  Cuts 

Pressure-time  traces  for  the  cut  sample  tests  (Tests  #26  and  #30)  are  shown  in  Figure  11. 
During  sample  preparation  for  test  #26,  the  window  was  directly  glued  to  the  sample  surface.  As 
a  result,  some  potting  compound  was  able  to  seep  into  the  cut  -  resulting  in  an  unintentional  partial 
"repair”;  consequently,  the  flame  spread  rate  along  the  cut  was  not  significantly  different  from  that 
along  the  edge  zones.  Nevertheless,  the  uneven  flame  spreading  phenomena  resulted  in  increased 
burning  surface  area.  This  effect,  together  with  a  slightly  undersized  nozzle  throat  area  resulted  in 
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Fig.  10  Measured  Pressure-Time  Trace  at  the  FSIC  Sample  Location  (Tests  with  Repaired  Samples) 
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Fig.  11  Measured  Pressure-Time  Trace  at  the  FSIC  Sample  Location  (Tests  with  Cut  Samples) 
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Fig.  12  Recorded  Time  Variations  of  Tracer  Signals  from  the  Exhaust  Plume  in  the 
Range  X=  780  +  5  nm  (Test  No.  30) 


Fig.  13  Recorded  Time  Variations  of  Tracer  Signals  from  the  Exhaust  Plume  in  the 
Range  X—  780  +  5  nm  (Test  No.  31) 


an  elevated  pressure  level,  causing  a  faster  burning  rate  and  a  shorter  total  bum  time.  In  the  sample 
preparation  for  test  #30,  a  very  narrow  pre-cast  potting  barrier  strip  (-0.6  mm  in  width  x  0.5  mm  in 
thickness)  was  placed  over  the  cut  to  prevent  potting  compound  from  flowing  in.  When  the  potting 
compound  was  used  to  adhere  the  window  to  the  test  sample,  this  pre-cast  strip  fused  with  the  potting 
compound,  leaving  no  visible  boundaries.  The  test  results  showed  a  dramatic  difference  in  flame 
spreading  behavior  and  pressurization  characteristics  in  comparison  with  test  #26.  In  this  case,  shortly 
after  the  flame  reached  the  cut  region,  a  rapid  flame  "flash-down"  into  the  cut  occurred,  resulted  in  a 
pronounced  pressure  peak  at  around  4  seconds.  The  sample  was  completely  consumed  in  about  6 
seconds,  long  before  the  burnout  time  of  the  driver  motor  grain. 

The  cut  sample  tests  clearly  indicated  that  flame  could  propagate  into  an  un-repaired  slit  in  this 
motor-analog  environment.  This  implies  that  any  failure  of  a  repaired  sample  would  produce  a 
pronounced  flame  spreading  effect  which  can  be  detected  from  both  visual  records  and  P-t  data.  Hence, 
the  tests  with  cut  samples  further  serve  to  validate  the  success  of  the  repair  tests. 


Tracer  Salt-Indicated  Results 

Recorded  time  variations  of  tracer  signals  in  the  wavelength  range  of  775  to  785  nm  from  the 
exhaust  plume  of  FSIC  tests  #30  and  #3 1  are  presented  in  Figures  12  and  13,  respectively.  Because  the 
detector  is  sensitive  to  combustion  products  of  the  igniter  (BKNO3),  the  ignition  event  was  generally 
accompanied  by  a  large  signal  at  the  time  of  ignition.  In  test  #30,  a  single  BKNO3  tracer  was  imbedded 
at  17.8  cm  from  the  sample  top.  The  arrival  time  of  the  flame  front  at  this  location  was  3.75  seconds 
(as  indicated  by  film  data),  and  the  corresponding  tracer  signal  was  recorded  at  3.85  seconds.  In  test 
#31,  BKNO3  tracer  material  was  inserted  at  17.8  cm  from  the  sample  top.  The  arrival  time  of  the  flame 
front  at  this  location,  based  on  the  high-speed  movie  film  was  21.5  seconds,  and  the  corresponding 
tracer  signal  was  acquired  at  21.7  seconds.  In  both  of  these  tests,  the  tracer  signals  seem  to  produce 
consistent  information  on  the  arrival  times  of  the  flame  front  at  the  embedded  tracer  locations.  This 
implies  that  the  use  of  chemical  tracer  salts  as  an  indicator  of  flame  front  position  versus  time  in  flame 
spreading  studies  could  be  a  viable  technique  if  sufficient  attention  is  given  to  the  following  factors, 
including:  tracer  chemical  selection,  proper  orientation  of  the  detector,  narrow  band-pass  filter  selection 
based  upon  the  tracer  material  and  the  aluminum  content  in  the  propellant  grain,  and  elimination  of  any 
possible  contaminants  from  the  combustion  chamber.  In  the  FSIC  test  series,  two  chemical  tracers  were 
utilized:  mbidium  sulfate  (RbjSOJ  and  boron  potassium  nitrate  (BKNO3).  Rubidium  sulfate  was  found 
to  be  marginally  detectable  over  background  noise,  while  the  boron  potassium  nitrate  was  more  easily 
detectable  due  to  its  relatively  high  signal  magnitudes. 


SUMMARY  AND  CONCLUSIONS 


To  evaluate  the  effectiveness  of  a  proposed  repair  procedure  for  aluminized  AP-based  composite 
propellant  used  in  Titan  IV  solid  rocket  motors,  a  series  of  tests  was  conducted  in  a  motor  analog 
simulating  the  chamber  pressure  level  of  actual  Titan  IV  SRMs.  A  total  of  thirteen  test  firings  was 
conducted  in  this  study.  Test  results  using  repaired  propellant  samples  were  compared  to  those  with 
unrepaired  slit  cuts. 
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( 1 )  The  tests  using  cut  samples  clearly  showed  that  flame  could  propagate  into  an  unrepaired 
slit  in  the  motor  analog,  resulting  in  easily  observable  abnormal  flame  spreading  and 
burning  behavior  as  well  as  chamber  pressure  overshoots.  This  flame  spreading 
phenomena  was  especially  pronounced  in  the  test  when  the  slit  was  not  filled  with  any 
repair  material  during  preparation. 

(2)  All  tests  using  repaired  samples  showed  normal  burning  behavior  up  to  the  highest  tested 
pressure  level  of  8.3  MPa  (1200  psi).  This  indicates  that  the  repair  procedure  proposed  by 
UT/CSD,  which  was  examined  in  this  study,  is  successful  in  preventing  the  flame 
penetration  into  properly  repaired  regions  of  the  propellant  sample. 

(3)  From  the  limited  tests  conducted,  the  opacity  of  the  repair  material  seems  to  exhibit  no 
effect  on  the  burning  behavior  of  the  repaired  propellant  sample. 

(4)  Embedded  salt  tracer  materials  (such  as  BKNO3  and  Rb2S04)  could  be  used  as  indicators 
for  flame  front  locations  if  the  tracer  signals  are  properly  detected  in  the  exhaust  plume  jet. 

Demonstration  of  the  effectiveness  of  certain  repair  procedures  is  absolutely  necessary  to  assure  the 
proper  recovery  of  damaged  propellant  grains  from  propulsion  applications.  Additionally,  adequate 
criteria  are  necessary  to  determine  which  propellant  defects  are  repairable. 
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COMMENTS 


Akira  Iwama,  Professor  Emeritus,  The  Institute  of  Space  and  Astronautical  Science: 

Several  years  ago,  we  produced  a  test  motor  with  diameter  of  1 10  mm  in  order  to  investigate  the 
possibility  of  flame  spreading  along  the  surfaces  between  poorly  bonded  propellant  grains.  We 
divided  the  casting  process  into  two  stages.  After  one  grain  had  been  cured  completely,  another 
batch  of  propellant  dough  was  cut  and  cured.  The  composition  of  these  two  grains  was  similar. 
Upon  firing,  this  motor  recorded  a  significantly  high  pressure  spike  at  around  5.0  MPa.  I  presume 
the  minimum  bonding  strength  is  necessary  between  the  repairing  material  and  the  damaged  grain 
surface.  Have  you  ever  noted  such  an  event  and  measured  the  bonding  properties  before  an 
experiment? 

Authors’  Reply: 

It  is  interesting  to  learn  that  you  made  such  a  study  of  poorly  bonded  surfaces  between  propellant 
grains.  It  is  very  likely  that  your  observed  high  pressure  spike  was  caused  by  the  phenomena  of 
flame  propagating  into  the  weakly  bonded  surface  region.  I  do  not  have  any  data  similar  to  what 
you  describe,  but  I  believe  it  will  be  useful  to  conduct  further  studies  into  this  area. 
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SOLID  SOLUTION  FORMATION  BETWEEN  RDX  AND  COMMON 
SOLID  PROPELLANT  BINDERS 
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^Department  of  Mechanical  Engineering;  ^Department  of  Materials  Science  and  Engineering 
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ABSTRACT:  Because  of  many  favorable  characteristics,  RDX  has  been  extensively  utilized  as  an 
ingredient  in  both  gun  and  solid  rocket  propellants.  Much  work  has  been  done  on  the  decomposition 
and  subsequent  reactions  involving  RDX  and  other  propellant  ingredients,  but  very  little  attention  has 
been  given  to  the  effects  of  solid-state  interactions  in  the  condensed  phase.  The  combination  of 
ingredients  in  solid  propellants  (e.g.,  oxidizer,  binders,  plasticizers,  etc.)  may  not  be  adequately 
modeled  as  just  a  physical  mixture  since  interactions  between  these  components  can  change 
intermolecular  forces  in  the  propellant  mixture,  leading  to  changes  in  physical  properties  and 
combustion  behavior.  In  this  work,  the  solubilities  of  common  propellant  ingredients  including  acetyl 
triethyl  citrate  (ATEC),  cellulose  acetate  butyrate  (CAB),  nitrocellulose  (NC),  and  an  energetic 
plasticizer  (EP)  and  their  effects  on  RDX  unit  cell  dimensions  were  investigated.  X-ray  powder 
diffraction  analysis  showed  that  all  binders  tested  formed  a  solid  solution  with  RDX  indicated  by 
expansion  of  the  RDX  unit  cell  volume,  CAB  was  found  to  have  a  solubility  limit  greater  than  16 
wt%,  while  EP  had  the  least.  NC  and  ATEC  both  showed  solubility  up  to  about  the  9  wt%  level. 
Changes  in  material  and  combustion  properties  due  to  the  solid  solution  formation  should  therefore  be 
closely  examined  in  the  modeling  of  combustion  processes  of  RDX-based  composite  propellants. 


INTRODUCTION 

Widely  used  as  a  high  explosive,  RDX  (also  known  as  hexogen,  cyclonite,  cyclotrimethylene 
trinitramine,  hexahydro-l,3,5-trinitro-l,3,5-tri[azine,  and  hexahydro-l,3,5-trinitro-5-triazine)  has  been 
shown  to  be  a  very  useful  energetic  ingredient  in  both  gun  and  solid  rocket  propellant  applications. 
Due  to  its  relative  insensitivity  to  accidental  energy  stimuli,  it  has  been  used  in  Low  Vulnerability 
Ammunition  (LOVA)  formulations.  In  addition,  the  absence  of  HCl  in  RDX  combustion  products 
makes  it  desirable  on  an  environmental  basis. 


Since  the  regression  rate  and  burning  behavior  of  solid  propellant  can  be  greatly  influenced  by 
processes  occurring  in  the  burning  surface  and  subsurface  regions,  it  is  vital  to  obtain  more  knowledge 
about  condensed-phase  phenomena  in  order  to  better  understand  the  combustion  of  nitramine-based 
solid  propellants. 

Because  propellants  consist  of  a  combination  of  oxidizer,  binders,  plasticizers,  and  other  ingredients  it 
may  not  be  adequate  to  model  a  composite  proj>ellant  by  treating  it  merely  as  a  physical  mixture.  The 
formulation  of  a  common  RDX-based  propellant,  XM39,  is  shown  in  Table  1.  Interactions  between 
these  components  must  be  understood  in  order  to  create  an  accurate  model.  Changing  intermolecular 
forces  due  to  ingredient  interactions  can  affect  density,  enthalpy  of  fusion,  melting  temperature, 
stability,  aging  characteristics,  and  general  combustion  characteristics.  There  has  been  much  work 
done  on  decomposition  and  subsequent  reactions  involving  RDX  and  other  propellant  ingredients,^' / 
but  very  little  attention  has  been  given  to  the  effects  of  solid-state  behavior  and  interactions  in  the 
condensed  phase,^’^  other  than  characterization  of  pure  RDX.^^'*^ 
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Table  1 

Ingredients  in  XM39  LOVA  Propellant 


ISilslsIsiltSSI 

Material 

% 

"IDX 

Cellulose  Acetate  Butyrate  (CAB) 

Acetyl  Triethyl  Citrate  (AIEQ 
Nitrocellulose  (NC)  (12.6%  N) 

Ethyl  Centralite  (EC) 

76.0 

12.0 

7.6 

4.0 

0.4 

Effects  of  changing  intermolecular  forces  due  to  transitions  of  pure  phases  of  HMX 
(cyclotetramethylenetetranitramine),  a  high-energy  material  very  similar  to  RDX,  have  been 
investigated  previously  and  shown  to  be  important,!^  but  little  work  has  been  done  on  the  effect  of 
solid  solutions  between  ciystalline  nitramines  and  binder  materials.  Some  studies  have  found  an  effect 
on  the  melting  and  decomposition  temperatures  of  RDX  when  mixed  with  other  propellant 
ingredients.  14-16  Previously,  X-ray  diffraction  (XRD)  analysis  of  quenched  samples  of  XM39  and 
another  LOVA  propellant  (here  called  MZ)  containing  an  energetic  plasticizer  by  Wilson,  et  al.  17.18 
showed  evidence  of  the  formation  of  RDX/binder  solid  solutions  in  both  virgin  and  extinguished 
s^ples.  Earlier  results  of  this  study  demonstrated  the  formation  of  RDX/binder  solid  solutions  in 
binap^  mixtures.  1^  It  has  also  been  suggested  that  RDX/binder  solid  solutions  may  require 
consideration  in  propellant  recycling  and  recovery  procedures  such  as  supercritical  fluid  extraction.20 
Therefore,  it  is  important  to  gain  a  better  understanding  of  the  effects  of  solid  solution  formation  on  the 
combustion  and  other  ch^acteristics  of  propellant  formulations.  In  this  study,  the  interactions  of  the 
RDX  and  the  ingredients  in  XM39  and  MZ  propellants  are  examined. 


X-RAY  DIFFRACTION  PRINCIPLES 

All  crystalline  materials  (e.g.,  nitramines)  consist  of  a  regularly  ordered  arrangement  of  atoms  or 
molecules  commonly  known  as  a  lattice.  The  lattice  contains  many  repeated  units  called  the  unit  cells. 
Each  unit  cell  is  described  by  a  set  of  parameters  that  is  unique  for  every  crystalline  phase.  Both 
material  and  thermal  properties  of  the  substance  (e.g.,  density,  strength,  melting  point,  etc.)  are 
functions  of  these  parameters.  Depending  on  orientation,  many  different  parallel  planes  of  atoms  or 
molecules  can  be  formed  by  the  lattice.  Through  the  use  of  X-ray  diffraction  analysis  (XRD),  the 
plane  spacings  present  in  a  sample  can  be  detected  and  used  to  ascertain  the  form  and  size  of  the  unit 
cell(s)  present,  characterizing  the  material.  A  monochromatic  beam  of  X-rays  is  directed  at  the  material 
of  interest  and  is  scattered  by  the  atoms  or  molecules  present  in  the  lattice.  Due  to  the  wave-like  nature 
of  X-rays,  diffraction  (constructive  interference)  occurs  when  the  difference  in  path-lengths  of  X-rays 
scattering  off  different  planes  are  integer  multiples  of  the  wavelength,  therefore  causing  the  scattered 
X-rays  to  be  in  phase  with  one  another.  Shown  graphically  in  Fig.  1,  this  condition  is  known  as  the 
Bragg  Law: 


nX^ldsinO  (1) 

where  n  represents  any  positive  integer,  X  the  wavelength,  d  the  interplanar  spacing,  and  0the  angle  of 
incidence.  When  the  Bragg  Law  is  met,  a  strong  beam  is  returned,  compared  to  weak  scattering  at 
other  conditions. 

The  use  of  a  diffractometer  (Fig.  2)  allows  a  range  of  X-ray  incidence  angles  to  be  scanned 
automatically.  A  pattern  can  then  be  generated,  with  the  strong  reflections  when  the  Bragg  Law  is  met 
appearing  as  peaks  plotted  against  the  20  value.  The  location  and  spacing  of  the  peaks  in  the  pattern  is 
unique  to  the  planar  spacings  present  in  the  sample. 

When  large  crystals  of  a  given  material  are  difficult  to  obtain,  the  use  of  powdered  samples  in  XRD 
has  proven  to  be  useful.  Powder  diffraction  relies  on  a  statistical  sample  of  many  randomly-oriented 
crystallites  (small  crystalline  regions).  All  possible  plane  spacings  are  exposed  to  the  beam  at  all  times, 
so  a  strong  diffraction  peak  is  generated  at  any  angle  where  the  Bragg  Law  is  met  for  the  spacings 
present  in  the  material.  Since  the  crystallites  are  randomly  arranged  in  the  sample,  the  crystallographic 
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Figure  2.  Schematic  diagram  of 
diffractometer. 


orientations  of  the  planes  corresponding  to  particular  diffraction  peaks  is  not  obvious  from  the  pattern, 
but  through  careful  analysis  of  the  position  and  intensity  of  these  peaks,  the  form  and  shape  of  the  unit 
cell  of  the  sample  can  be  reconstructed. 

Solid  solutions  are  formed  by  the  introduction  of  one  type  of  molecule  into  a  lattice  made  up  of 
another.  There  are  two  possible  forms:  (1)  interstitial,  in  which  case  molecules  are  inserted  into 
existing  spaces  between  molecules  in  the  lattice,  and  (2)  substitutional,  where  the  molecules  replace 
original  molecules  in  the  lattice.  The  presence  of  substituents  in  the  lattice  affects  intermolecular 
forces,  leading  to  a  change  in  dimensions  of  the  unit  cell  of  the  lattice  that  can  be  quantitatively 
measured  using  XRD  techniques.2l-23 


SAMPLE  PREPARATION 

One  gram  binary  mixtures  of  the  recrystallized  RDX  and  the  binder  ingredients  of  interest  were 
formulated  to  isolate  the  effects  of  individual  propellant  components.  Since  military  grade  RDX  can 
contain  a  significant  portion  of  HMX  which  would  greatly  affect  this  study,  it  was  purified  before  the 
samples  were  made  using  an  acetone  recrystallization  process. CAB  (Military  Type  II,  Eastmm 
CAB-381-20)  was  acquired  through  the  Naval  Surface  Warfare  Center-Indian  Head  from  a  lot  used  in 
MZ  production.  Since  pure  NC  of  the  grade  used  in  nitramine  composite  propellants  was  not 
available,  it  was  obtained  from  M30  propellant,  which  is  98  wt%  NC.  The  M30  was  completely 
dissolved  in  acetone,  then  thoroughly  washed  in  water  to  remove  the  K2SO4  additive,  a  flash 
suppressant.  Although  the  NC  in  M30  contains  a  different  percent  of  nitration  than  that  used  in  XM39 
and  MZ  propellants,  it  is  believed  that  the  solid  solution  results  should  be  essentially  the  same  for  both 
types. 

Samples  containing  liquid  ingredients  were  prepared  slightly  differently  from  those  without  any  liquid 
ingredients.  For  mixes  of  RDX  and  solid  binder  materials,  the  desired  proportions  were  first  weighed 
out  dry.  Acetone  was  then  added  to  the  mixed  powders  until  the  sample  was  completely  dissolved 
(approximately  20  mL).  The  solution  was  then  shock  precipitated  into  a  large  volume  of  water  and  the 
fine  powders  formed  were  allowed  to  settle  to  the  bottom  to  facilitate  filtering.  The  sample  was 
separated  from  the  liquid  using  vacuum  filtration  through  fine  (particle  retention  >2.5  fxm)  filter  paper. 
After  filtration,  the  sample  was  placed  in  a  drying  oven  at  55*^  C  overnight  to  drive  off  any  water  or 
residual  solvent.  Measurements  showed  that  this  process  yielded  an  approximately  normal  distribution 
of  particle  sizes  around  10  pm  mean  diameter. 

Liquid  ingredients  proved  to  be  more  of  a  challenge  since  they  could  not  be  co-precipitated  with  RDX 
into  water,  both  because  of  their  liquid  nature  and  solubility  in  water.  Instead,  the  RDX  was  shock- 
precipitated  separately  and  dried  to  obtain  the  fine  particles  desired.  Then,  after  adding  the  desired 
proportion  of  the  liquid  ingredient,  the  sample  was  physically  mixed  by  continuously  compressing 
and  stirring  until  the  liquid  was  evenly  distributed. 

After  the  powdered  samples  were  prepared,  they  were  sealed  in  glass  vials  and  aged  at  80°  C  for  14 
days  to  facilitate  equilibration.  After  aging,  but  prior  to  X-ray  analysis,  approximately  5  wt%  of  a 
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silicon  standard25  was  thoroughly  mixed  with  the  samples.  The  powdered  samples  containing  the  Si 
standard  were  packed  into  glass  slides  for  use  in  the  diffractometer.  The  standard  used  produced  X- 
ray  peaks  at  known  positions,  allowing  the  patterns  obtained  to  be  calibrated,  eliminating  instrument 
systematic  errors. 


DATA  ACQUISITION  AND  ANALYSIS 

X-ray  diffraction  patterns  were  collected  using  a  Philips  APD3600  automated  powder  diffractometer 
controlled  by  the  APD1700  software  package  running  on  a  DEC  VAXstadon  3100/38  computer.  Gu 
Ka  X-rays  were  used  by  this  system  at  a  wavelength  of  1.54059  A.  After  examination  of  initial  fast 
scans,  s^ples  were  scanned  from  10  to  70  degrees  20  with  2  second  counts  at  0.02  degree  steps. 
Over  this  range,  sufficient  standard  peaks  existed  to  allow  an  accurate  correction  for  instrument 
systematic  error,  and  the  higher-angle  RDX  peaks  allowed  the  lattice  parameters  to  be  determined  more 
accurately.  Peak  locations  were  found  from  the  diffraction  patterns  using  the  SPECPLOT  computer 
program26  and  manually  checked  for  accuracy.  Lattice  parameters  were  then  determined  using  a  least- 
squares  fit,  implemented  in  the  Appleman  program.27 


RESULTS 

Typical  X-ray  patterns  for  pure  RDX  and  an  RDX/binder  mixture  are  shown  in  Figs.  3  and  4, 
respectively.  Although  at  first  glance  the  patterns  appear  the  same,  upon  closer  examination,  it  can  be 
seen  that  the  RDX/binder  mixture  has  a  lower  intensity  at  all  points,  and  a  higher  background  signal. 
This  is  because  the  binder  is  an  amorphous  (non-crystalline)  material  with  no  regular  ordering, 
therefore  no  diffraction  peaks  are  generated,  only  an  amorphous  hump.  Also,  some  peak  broadening 
can  be  seen  in  the  RDX/binder  pattern,  probably  caused  by  the  formation  of  smaller  particles  during 
shock  precipitation  of  the  sample.  Some  of  the  peaks  are  shifted  slightly  due  to  solid  solution 
formation,  although  this  is  more  apparent  through  computer  analysis  of  the  entire  pattern. 


Degrees  20 

Figure  3.  Typical  X-ray  diffraction  pattern  for  pure  RDX  with  Si  standard 
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Figure  4.  Typical  X-ray  diffraction  pattern  for  RDX/binder  (24%  CAB)  mixture  with  Si  standard 


For  RDXTNC  mixtures,  all  three  lattice  parameters  elongate  slightly  (shown  in  the  table  in  Fig.  5). 
Figure  5  shows  the  effect  of  these  changing  parameters  on  the  unit  cell  volume,  a  continuous  increase 
up  the  9  wt%  NC  point.  This  indicates  the  upper  limit  for  NC  solid  solubility  in  RDX.  RD^ATOC 
shows  much  the  same  behavior  in  the  unit  cell,  with  a  slight  increase  in  the  B  parameter  (table  in  Fig. 
6)  causing  the  unit  cell  (Fig.  6)  to  grow  until  the  9  wt%  ATEC  point  is  reached,  then  leveling  off. 
RDX/EP  appears  be  slightly  soluble,  up  to  the  3  wt%  point,  shown  in  Fig.  7.  All  the  lattice 
parameters  increase  with  the  addition  of  CAB,  yielding  a  nearly  linear  increase  in  the  unit  cell  volume, 
as  seen  in  Fig  8.  No  plateau  in  cell  volume  was  observed,  indicating  that  the  extent  of  CAB  solubility 
in  RDX  may  be  greater  than  16%.  Mixtures  with  higher  percentages  of  CAB  were  made,  but  due  to 
the  amorphous  nature  of  CAB,  did  not  yield  usable  results  after  the  data  reduction  process.  These 
results  differ  from  those  previously  reported  in  Ref.  19  because  of  more  precise  sample  preparation 
and  analysis  coupled  with  a  new  series  of  tests  on  a  higher-performance  diffractometer. 

There  appears  to  be  more  variability  in  the  results  of  the  liquid  ingredients  than  solid  ones.  This  is 
most  likely  due  to  some  inhomogeneity  in  the  samples  due  to  the  difficulty  in  the  mixing  proces^  The 
solid  solutions  would  not  have  formed  uniformly  in  the  sample,  influencing  the  results  even  though 
every  effort  was  made  to  use  a  well-mixed,  uniform  sample. 


CONCLUSIONS 

All  the  RDX/binder  mixtures  formed  solid  solutions  to  some  extent,  shown  by  expansion  of  the^X 
unit  cell.  Addition  of  CAB  had  the  greatest  effect,  with  the  solubility  limit  greater  than  16  wt%  CAB, 
while  EP  had  the  least.  Due  to  the  relative  size  of  the  RDX  and  binder  molecules,  all  the  solutions 
formed  are  believed  to  be  substitutional,  CAB,  the  largest  molecule,  had  the  greatest  effect  on  the  unit 
cell. 

Analysis  of  the  interactions  between  RDX  and  common  propellant  ingredients  is  important  for  mmy 
reasons.  The  changes  in  material  properties  should  be  closely  examined  in  the  future  when  modeling 
RDX-based  composite  propellants.  Safe  disposal  and/or  recovery  and  recycling  may  also  be  affected. 
X-ray  techniques  used  to  ascertain  the  purity  of  crystalline  propellants  by  looking  for  the  presence  of 
another  phase  may  not  be  as  accurate  as  previously  thought  since  a  low  percentage  contaminant  may  be 
disguised  by  solid  solution  formation. 
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FUTURE  WORK 


Work  is  currently  underway  to  extend  the  present  solid  solution  characterization  study  to  systems  of 
HMX  (another  energetic  nitramine)  and  other  propellant  ingredients.  Studying  the  HMX/RDX  system 
can  assist  in  better  understanding  the  difference  between  military  grade  RDX,  used  in  actual 
propellants,  and  pure  RDX  as  commonly  used  in  combustion  rnodels.  Determining  the  change  in 
thermal  properties  and  the  effect  of  temperature  on  solid  solubility  and  constructing  phase  diagrams 
will  greatly  aid  in  integrating  these  results  into  combustion  models. 
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ABSTRACT:  For  safe  handling  and  use  of  high  explosives,  waxes  have  been 
used  to  desensitize  military  high  explosive  compositions  consisting  of 
relatively  sensitive  explosive  ingredients.  In  addition  to  the  principal 
purpose  of  desensitization,  the  waxes  also  act  as  binders,  lubricants,  and 
sealants.  It  is  well  known  that  the  type  of  wax  used  in  the 
desensitization  of  explosive  compositions  will  affect  the  quality  of  cast 
explosives..  The  objective  of  this  paper  is  to  characterize  two  different 
waxes  and  examine  the  role  of  molecular  weight.  To  this  end,  the 
experimental  approaches  capable  of  providing  structural  as  well  as 
molecular  weight  information  were  selected  for  this  study.  These  are 
direct  exposure  probe  mass  spectrometry  (DEPMS)  and  supercritical  fluid 
chromatography  (SFC).  In  addition,  comparative  differential  scanning 
calorimetry  (DSC)  of  both  waxes  was  conducted  to  determine  the  melting 
and  cooling  characteristics  of  both  waxes. 

This  paper  will  briefly  describe  the  experiments  and  discuss  the  results 
obtained.  The  discussion  will  include  the  feasibility  of  using  a  ‘designer 
wax’  tailored  for  desensitizing  any  particular  high  explosive  composition. 


INTRODUCTION 

As  early  as  1892,  it  was  indicated  that  the  incorporation  of  waxes  such  as 
the  paraffin  waxes  in  explosive  compositions  results  in  reducing  the 

sensitivity  of  the  latter  to  mechanical  stimuli^  In  addition  to  the 
principal  role  of  desensitization,  the  waxes  are  also  used  as  shock 

attenuators,  binders,  lubricants,  sealants,  fuels,  and  inert  simulants**^. 
Furthermore,  the  presence  of  waxes  in  explosive  compositions  provides 
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other  important  benefits  including  wetting,  coating,  dispersion,  thinning, 
void  filling,  and  increased  production  rate^. 

it  is  well  known  that  the  physico-chemical  properties  of  waxes  used  in 
the  desensitization  of  explosive  compositions  will  affect  the  quality  of 

cast  explosives^  The  objective  of  this  study  is  to  characterize  two 
saturated  hydrocarbon  waxes.  Waxes  A  and  B,  and  examine  the  role  of 
molecular  weight  on  the  void  formation  in  a  cast  explosive  composition. 
The  voids  in  explosive  compositions  are  critical  defects  as  they 
constitute  potential  hot  spots  givng  rise  to  premature  ignition  of 
explosive  compositions  due  to  adiabatic  compression  of  entrapped  air  in 

the  cavities^  It  has  been  shown  that  the  internal  cavities  ranging 
from  50  to  100  micrometers  are  the  potential  hot  spots  in  the  monomodal 
cast  wax-bonded  RDX  formulations  near  the  initiation  threshold  of  the 

incident  shock  waves  at  4  to  5  GPa"^.  To  this  end,  the  experimental 
approaches  capable  of  providing  structural  as  well  as  molecular  weight 
information  were  selected  for  this  study.  These  are  direct  exposure  probe 
mass  spectrometry  (DEPMS)  and  supercritical  fluid  chromatography  (SFC). 
In  addition,  comparative  differential  scanning  calorimetry  (DSC)  of  both 
waxes  was  conducted  to  determine  the  melting  and  cooling 
characteristics  of  both  waxes. 

In  the  past,  various  physico-chemical  techniques  have  been  used  to 
characterize  the  desensitization  waxes.  These  include  melting  point, 
penetration  test,  viscosity,  methylethyl  ketone  extraction,  sweating  or 
exudation  test,  acid,  ester,  iodine,  and  saponification  numbers,  ash,  flash 
point,  thermogravimetric  analysis,  differential  thermal  analysis,  DSC,  gas 

chromatography,  gel  permeation  chromatography^ and  supercritical 
fluid  extraction-supercritical  chromatography  combined  with  Fourier 

transform  Infrared  spectrometry®. 


EXPERIMENTAL 


Apparatus 

A  Finnigan  OWA  1020-B  Gas  Chromatograph/Mass  Spectrometer  (GC/MS) 
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was  operated  in  the  positive  ion  chemical  ionization  (PICl)  mode  using 
methane  as  the  reagent  gas  at  3-5  Torr  for  the  DEPMS  experiments.  A 
Suprex  MPS/225  Multi  Purpose  System  was  used  in  the  SFC  experiments. 
A  Perkin-EImer  DSC-4  differential  scanning  calorimeter  was  used  in  the 
DSC  experiments. 


Chemicals 

Carbon  dioxide  used  in  the  SFC  experiments  was  SFC-Grade. 


RESULTS  AND  DISCUSSION 


DEPMS 

Figures  1  and  2  exhibit  the  DEPMS  spectra  of  Waxes  A  and  B,  respectively. 
The  DEPMS  probe  was  heated  at  10  '^C/min.  to  1000  '^C  in  approximately  2 
minutes.  The  spectra  show  the  respective  profiles  of  the  saturated 

hydrocarbon  ion  fragments,  ranging  from  C3H^'^  (m/z  =  43;  n  = 

3)  to  C^QH37+(m/z  =  253;  n  =  18).  Quite  clearly,  Wax  B  contains  a  much 
greater  fraction  of  high  molecular  weight  hydrocarbon  mixtures  than  Wax 
A. 


SFC 


Figures  3  and  4  show  the  SFC 

chromatograms  of  Waxes  A  and  B, 

respectively.  SFC  was  operated  in  the  pressure  program  mode  and  the  SFC 
conditions  are  listed  below. 

SFC  Conditions: 

Column: 

Nuclecsil  R  C-18,  10  cm  x  1.0  mm, 
5  pm,  pore  size,  100  A 

Oven  Temperature: 

75  °C 

Pressure  Programming: 

Equilibrate  at  125  atm 

1. 

Maintain  at  125  atm  for  2  min. 

2. 

Linear  program  up  to  450  atm  in 
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MASS  SPECTRUM  DATA:  INDRAM  #60  BASE  M/H:  71 

11/06/95  19:21:00  +  1:03  CALI:  CALTAB  #2  RIC:  58432 

SAMPLE: 

CONDS.: 

#40  TO  #80  SUMMED 
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8  min. 

3.  Maintain  at  450  atm  for  2  min. 

Sample  Concentrations:  Wax  A,  0.1049  g/10  ml 

cyclohexane;  Wax  B,  0.1059  g/10 
ml  cyclohexane.  The  samples  are 
soluble  at  60  °C  at  these 
concentrations. 

These  spectra  support  the  DEPMS  finding.  Thus,  the  major  fraction  of  Wax 
A  ranges  in  molecular  weight  from  310  (C22H43  =  310;  n  =  22)  to  478 

{C34H70  =  478;  n  =  34)  with  422  being  approximately  the  most  prominent 
molecular  weight  (C3qH02  =  422;  n  ^  30)  in  this  fraction.  The  molecular 
weights  of  Wax  A  are  in  the  range  of  310  (C22H40  =  310;  n  «  22)  to  674 
(^4  8^8  ^  ^  ^  contrast,  Wax  B’s  main  fraction  shifts  to  a 

much  higher  molecular  weight  range  relative  to  that  of  Wax  A,  i.  e.,  from 
492  (C35H72  =  ^92;  n  =  35)  to  800  (C57H^^g  =  800;  n  =  57)  with  702 

(C5oHio2=  702;  n  =  50)  being  the  most  abundant  molecular  weight  in  this 
fraction.  Wax  B  has  a  molecular  weight  range  of  310  (C22H46  =  310;  n  = 
22)  to  800  (C57H-|^0  =  800;  n  =  57).  Therefore,  Wax  B  should  exhibit  a 
higher  melting  range  than  that  of  Wax  A. 


DSC 

Indeed,  DSC  results  (Figures  5  and  6)  confirmed  this  conclusion.  The 
melting  point  of  Wax  B  ranges  approximately  from  40  -  88  °C  which  is 
about  10  °C  higher  than  that  of  Wax  A,  i.  e.,  40  -  78  °C.  The  DSC 
thermograms  were  obtained  at  2  °C/min.  which  was  determined  to  be  the 
optimum  heating  rate  to  obtain  correct  heating  and  cooling  curves.  The 
bottom  traces  represent  the  corresponding  cooling  curves  in  the  figures. 

Figure  7  shows  the  heating  and  cooling  curves  of  Composition  B  obtained 
at  the  heating  rates  of  2.0  °C/min.  and  0.1  °C/min.,  respectively.  These 
rates  were  determined  to  be  optimum.  The  heating  curves  obtained  at  the 
heating  rates  of  less  than  2.0  °C  were  virtually  identical  to  the  one 
shown  in  this  figure  (upper  curve),  while  the  lowest  cooling  rate  of  0.1 
°C/min.  was  necessary  to  obtain  a  reproducible  crystallization 
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Figure  6.  DSC  Thermograms  of  Wax  B 
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temperature  of  approximately  73  °C  for  2,4,6-trinitrotoluene  (TNT).  The 
latter  is  erratic  and  non-reproducible  at  higher  cooling  rates  and  the 
supercooling  of  TNT  persists  to  much  lower  temperatures.  Quite 
obviously,  the  desensitization  wax  must  have  a  substantial  fraction 
melting  below  73  to  fill  the  voids  formed  during  the  sudden 
crystallization  of  TNT  from  the  metastable  supercooling  state.  The  sharp 
exothermic  peak  of  TNT  with  very  low  enthalpy  change  compared  to  the 
endothermic  peak  of  TNT  melting  during  the  heating  phase  is  attributed  to 
the  fact  that  the  sudden  release  of  heat  from  the  supercooled  TNT 
crystallization  is  much  faster  than  the  time  constant  of  DSC,  i.  e.,  only 
part  of  the  enthalpy  change  is  sensed. 


Casting  Quality  of  Composition  B  with  Wax  A  or  Wax  B 
Desensitizers 

Recently,  it  has  been  demonstrated  statistically  that  under  identical 
casting  conditions,  the  Composition  B  cast  with  Wax  B  exhibits  much 
greater  degree  of  void  formations  compared  to  that  cast  with  Wax  A, 
resulting  in  much  higher  rejection  rates  in  numerous  castings.  Similar 

observations  have  been  reported  over  a  decade  ago^®’^.  In  view  of  the 
findings  in  the  present  work,  this  can  be  clearly  attributed  to  the  fact 
that  Wax  B  consists  of  higher  molecular  weight  fractions  than  Wax  A, 
causing  the  former  to  freeze  at  a  higher  temperature  range  relative  to  the 
latter.  This  in  turn,  results  in  greater  void  formations  and  much  higher 
rejection  rates  actually  observed,  since  the  voids  formed  during  the 
sudden  crystallization  of  TNT  are  not  adequately  filled  in  due  to  the 
relative  lack  of  the  lower  molecular  weight  fractions  in  Wax  B. 


‘Designer  Wax’ 

Studies  have  been  made  to  explore  the  idea  of  ‘designer  wax',  i.  e.,  the 
optimum  wax  tailored  for  desensitizing  any  particular  explosive 
composition.  As  a  first  step,  only  optimum  melting  range,  among  other 
parameters,  is  addressed  here.  Since  Wax  A  is  obviously  superior  to  Wax 
B,  attempts  were  made  to  remove  the  higher  molecular  weight  fractions  in 
the  latter  to  match  the  upper  melting  range  of  the  former.  A  crude  heat 
fractionation  technique  employing  an  oven  was  found  to  be  inadequate  for 
this  purpose.  However,  a  solvent  extraction  technique  proved  to  be 
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Figure  8.  DSC  Thermograms  of  the  Cyclohexane  Extract  at  60  oC  of  Wax  B 


successful.  Figure  8  shows  the  heating  (upper  curve)  and  cooling  (lower 
curve)  DSC  thermograms  of  the  cyclohexane  extract  at  60  °C  of  Wax  B.  It 
can  be  seen  readily  that  the  upper  melting  range  Is  essentially  reduced 
down  to  that  of  Wax  A  (see  Figures  5  and  6)  demonstrating  the  feasibility 
of  tailoring  the  melting  range  of  an  inferior  wax  into  a  superior  one  for 
Composition  B  casting  application. 


SUMMARY 

DEPMS,  SFC,  and  DSC  clearly  show  that  Wax  B  consists  of  higher  molecular 
weight  fractions  than  Wax  A.  This  causes  the  former  to  freeze  at  a  higher 
temperature  range  relative  to  the  latter  resulting  in  a  much  greater 
degree  of  void  formations  actually  observed  in  the  cast  Composition  B  and 
much  higher  rejection  rates.  Obviously,  Wax  B  contains  a  smaller 
fraction  melting  below  73  °C  compared  to  Wax  A  to  fill  the  voids  formed 
during  the  sudden  crystallization  of  TNT  from  the  metastable  supercooling 
state. 

The  feasibility  of  fashioning  a  ‘designer  wax’  tailored  for  desensitizing 
any  particular  explosive  composition  has  been  demonstrated. 


REFERENCES 

1.  a.  Seeger,  D.  E.,  1  98  3.  Waxes-Use  in  Energetic  Materials, 

Encyclopedia  of  Explosives  and  Related  Items,  PATR  2700,  Volume 
10,  Edited  by  Kaye,  S.  M.,  Assisted  by  Herman,  H.  L,  U.  S.  Army 
Armament  Research  and  Development  Command,  Dover  NJ,  page  W26;  b. 
ibid,  pp.  W24-51;  c.  ibid,  pp.  W36-42;  d.  ibid,  pp.  W52-57.  e.  ibid  pp. 
W53-54;  Reference  88,  1983. 

2.  Statton,  G.  and  Taylor  R.C.,  Surfactants  and  Desensitizing  Wax 
Substitutes  for  TNT-Based  Systems,  Final  Report,  July  2,  1992-July 
1,  1994,  Mach  I,  Inc.,  King  of  Prussia,  PA. 

3.  Velicky,  R.  W.,  Effect  of  TNT  Miscible  Additives  on  the  Mechanical 
Behavior  and  Shock  Sensitivity  of  Composition  B,  Report  No.  ARAED- 
TR-88031,  January  1989,  U.  S.  Army  Armament  Research  and 
Development  Center,  Dover,  NJ. 


408 


4.  Borne,  L.,  Influence  of  Intragranular  Cavities  of  RDX  Particle  Batches 
on  the  Sensitivity  of  Cast  Bonded  Explosives,  Report  No.  ISL-PU- 
339/93,  July  1993,  Institut  Franco-Allemand  de  Recherches,  Saint- 
Louis,  France. 

5.  Harris,  J.,  Characterization  of  Four  Montan  Waxes,  Technical  Report, 
October,  1993,  U.  S.  Army  Armament  Research  Development  and 
Enginering  Center,  Picatinny  Arsenal,  NJ. 

6.  Kemp,  R.  T.  and  Anthony,  F.  B.,  Synthesis  of  Waxes  for  the 
Phiegmatization  of  Explosives,  Report  No.  NSWC/DL-TR-3364, 
December  1975,  Naval  Surface  Weapons  center,  Dahlgren,  VA. 

7.  Hogge,  W.  C.  and  Cousins,  E.  R.,  Evaluation  of  Synthetic  Waxes  for 
Desensitizing  Explosives,  Interim  Report  for  FY  1975,  November  1975, 
Naval  Weapons  Station,  Yorktown  VA. 

8.  Ashraf-Khorassani,  M.  and  Taylor,  L.  T.,  Analysis  of  Crude, 
Purified,  and  Synthetic  Candeliila  Wax  Using  Supercritical  Fluids,  LC- 
GC,  Volume  8,  Number  4,  1990,  pp.  314-320. 

9.  Pellen  R.  and  Russell  K.,  Study  of  Melt  Loading  the  105  MM  Ml 
Projectile  with  Comp  B  Containing  Grade  B  wax,  Report  No.  PA-TR- 
4854,  September  1975,  Picatinny  Arsenal,  Dover,  NJ. 


409 


Area  6: 


Ignition  and  Combustion 
Performance  of  Propellants 
for  Rocket  Propulsion 


ADVANCES  IN  ENERGETIC  MATERIALS  MANUFACTURING  TECHNOLOGIES 

AT  ICI 


S.K.  Chan',  G.A.Leiper,  R.Olive'^ 

1 .  ICI  Explosives  Canada 

2.  ICI  Explosives,  Automotive  Products 

3.  ICI  Engineering  Technology 


ABSTRACT  :  ICI  Explosives  has  recently  developed  a  number  of  novel  manufacturing  processes 
for  energetic  materials.  These  processes  were  highly  successful  in  improving  manufacturing 
efficiency,  mixing  efficiency,  product  quality  and  control,  safety  and  environmental  friendliness. 
The  propellants  and  pyrotechnics  produced  by  these  processes  have  enhanced  reaction  rates  and 
improved  completeness  of  reaction  as  a  result  of  the  highly  efficient  mixing  in  the  micron  and 
submicron  levels.  The  MicrosaU'^  Process  is  Id's  second  generation  sodium  azide  propellant 
technology.  The  active  ingredients  are  either  completely  dissolved  or  mixed  in  water  which  allows 
the  use  of  extremely  fine  insoluble  ingredients.  A  free  flowing  powder  with  excellent  product 
quality  is  produced  by  a  spray  drying  process.  All  reject  materials  are  entirely  recyclable.  The 
Freeze-Dry  technology  uses  a  fast  freezing  and  vacuum  freeze  dry  process  to  produce  a  flowable 
powder  consisting  of  extremely  fine  crystals  for  the  dissolved  ingredients.  The  Enerfoil™  Process 
uses  physical  vapour  deposition  technology  to  coat  magnesium  on  PTFE  film.  The  EnerfoiF*^  film 
thus  produced  possesses  unique  properties  of  fast  and  controlled  reaction,  enhanced  handling  safety 
and  ease  of  conversion  to  desirable  shape  for  use  in  many  applications  such  as  ignition  enhancer  and 
hybrid  inflator  heating  system  for  airbag  inflators. 


INTRODUCTION 

ICI  Explosives  has  been  a  leader  in  the  supply  of  advanced  explosives  and  energetic  products  for 
over  a  century.  For  over  25  years,  ICI  Explosives  has  also  been  actively  involved  in  the 
development  and  manufacture  of  many  airbag  inflator  pyrotechnics  systems.  In  all  these  activities, 
the  safety,  health  and  environmental  effects  (SHE)  of  any  manufacturing  process  are  among  the 
highest  priority  concern  during  its  design,  selection  and  all  subsequent  stages.  Since  1990  ICI 
Explosives  Automotive  Products  has  developed  a  number  of  new  technologies  to  produce  high 
quality  products  safely  which  are  also  cost  effectively  and  environmentally  friendly.  Id's  new 
products  include  the  second  generation  sodium  azide  MicrosaF^  propellant  and  Enerfoil™  ignition 
film.  Other  potentially  new  products  are  being  considered  with  a  new  technology  irnder 
development  which  is  based  on  the  freeze  drying  technology.  These  new  technologies  demonstrate 
vividly  that  safety  and  efficiency  can  indeed  be  combined  in  high  quality  production  processes  if 
these  objectives  were  kept  clearly  in  mind  during  the  design  and  formulation  stages.  These 
processes  and  the  performance  of  the  products  are  described  in  the  present  paper. 
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MICROSAF^M  PROPELLANT 


In  the  early  1970's  the  airbag  industry  went  through  a  very  thorough  analysis  concluding  that 
sodium  azide  was  the  most  optimum  propellant  material  because  it  produces  non-toxic  gas  with 
relatively  low  temperatures  of  reaction  and  at  reasonably  high  bum  rates.  Its  high  temperature  of 
decomposition  also  contributes  to  the  propellants’  excellent  long  term  storage  stability  which. is 
essential  for  the  reliability  of  the  inflator  for  the  life  of  the  car.  To  date,  the  majority  of  the  50 
million  cars  equipped  with  airbags  still  have  sodium  azide  based  inflators.  ICI  was  one  of  the 
original  developers  of  sodium  azide  based  gas  generant  formulations  for  airbag  inflators.  One  of  the 
formulations  (Ref.  1)  was  mass  produced  by  Id's  subsidiary  company,  Sabag  Inc.,  in  the  late  I980's 
and  early  1990's  for  passenger  side  airbag  inflators.  The  production  was  by  means  of  traditional 
grind  and  mix  technology  widely  used  in  the  pyrotechnics  industry.  The  formulation  consisted  of 
four  major  ingredients  (sodium  azide,  iron  oxide,  sodium  nitrate  and  bentonite)  with  graphite  fibres 
added  to  increase  the  bum  rate.  It  was  one  of  the  cleanest  azide  propellants  in  the  industry. 
However,  it  was  found  to  be  too  complex  for  the  production  process  to  produce  consistent  product 
performance.  The  final  mixed  powder  was  not  sufficiently  free  flowing  to  guarantee  even  filling  of 
the  press  mould  which  determines  the  pressed  density  and  grain  dimension.  In  the  worst  case, 
uneven  filling  could  even  damage  the  press  tools.  Like  all  other  azide  propellant  manufacturers,  the 
early  operations  suffered  a  few  accidents.  For  these  reasons,  a  program  was  launched  in  1990  at  ICI 
Explosives  Canada  to  develop  a  new  formulation  and  a  new  processes  to  produce  the  second 
generation  sodium  azide  propellant.  This  resulted  in  the  MicrosaF'^  propellant  and  process  (Refs. 
2-4). 


Propellant  Formulation 

MicrosaH*^  propellant  has  only  three  ingredients  :  sodium  azide,  iron  oxide  and  silica.  The  particle 
sizes  of  the  oxides  (0.2  pm  iron  oxide,  R-1599D  from  Harcros  Pigments,  Toronto  Canada  and  0.014 
pm  silica,  Ca-O-Sil  fumed  silica  from  Cabot,  Shakerheights,  Ohio)  were  the  finest  commercially 
available.  This  formulation  is  one  of  the  most  desirable  since  it  is  relatively  cool  burning  with  the 
most  desirable  combustion  products.  The  foimulation  produces  products  shown  in  the  following 
equation  : 

6NaN3  +  Fe203+  xSiOj  — >  3/2'^N2  +  2*Fe  +  xNa20*Si02  +  (3-x)*Na20 

Figure  1  shows  the  predicted  combustion  products  and  experimental  bum  rates  for  a  range  of  silica 
content,  with  fixed  azide  and  iron  oxide  mass  ratio  of  2.326.  Within  a  wide  range  of  variation  of  the 
formulation,  the  combustion  temperature  (1250  -  1650  K  )  remains  below  the  melting  point  of  iron 
and  it  stays  as  a  solid  clinker  in  the  combustion  chamber  after  the  combustion.  The  silica  reacts 
exothermically  with  part  of  the  sodium  oxide  to  form  sodium  silicate,  which  can  be  easily  filtered. 
Thus  the  amount  of  undesirable,  highly  alkaline,  sodium  oxide  is  reduced  to  the  minimum  and 
theoretically  to  zero  level  above  14%  of  silica.  The  linear  bum  rate  was  experimentally  measured  by 
burning  a  pressed  cylinder  (12.7  mm  diameter  by  12.7  mm  long)  in  nitrogen  atmosphere  at  an  initial 
pressure  of  6.9  MPa  in  a  1.5  L  high  pressure  vessel.  The  bum  rates  were  found  to  depend  on  the 
process  employed  to  produce  the  formulation.  The  values  shown  in  Figs.  1  and  2  were  obtained 
from  powder  produced  by  the  spray  dry  process  as  described  below.  It  was  found  to  be  proportional 
to  the  predicted  heat  of  reaction  as  shown  in  Fig.  2.  The  bum  rate  could  then  be  adjusted  over  a  wide 
range  of  values  from  20  to  over  50  mm/s  to  suit  customer's  specifications.  In  practice,  the  most  used 
formulation  was  NaN3/Fe203/Si02  63/29/8  in  weight  percentage. 
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Fig.  1  Predicted  combustion  products  and  bum  rates  of  Microsaf^^  gas  generant. 


Predicted  Heat  of  Reaction,  kJ/g 

Fig. 2  Correlation  of  experimental  linear  bum  rates  with  predicted  heat  of  reaction 


Manufacturing  Processes 


To  avoid  the  high  energy  input  and  high  frictional  environment  of  standard  grinding  process,  early 
on  in  the  development  program  it  was  decided  that  a  novel  approach  will  be  required  to  provide  a 
safe  and  efficient  mixing  process  to  produce  a  product  having  the  necessary  small  particle  sizes  and 
intimacy  of  mixing  of  the  ingredients.  The  relatively  high  solubility  of  sodium  azide  (29.4  g/100  ml 
water)  suggested  a  possibility  of  using  a  totally  dissolved  phase  and  precipitation  technology  to 
produce  the  propellant.  Thus  the  sodium  azide  was  dissolved  completely  in  water  and  the  oxides 
were  mixed  in  forming  a  colloidal  suspension.  A  high  shear  mixer  was  utilized  to  obtain  a  thorough 
dispersion  of  the  oxide  particles.  The  addition  of  the  Cab-O-Sil  increased  the  viscosity  of  the 
solution  and  helped  to  keep  the  iron  oxide  in  suspension  for  a  sufficiently  long  period  of  time  to 
complete  the  subsequent  process  steps.  The  aqueous  dispersion  was  passed  through  a  spray  dryer. 
In  the  spray  diy^er,  the  solution  was  pumped  through  nozzles  to  form  streams  of  small  droplets  into  a 
flowing  current  of  hot  air  at  a  temperature  in  the  range  of  80-180°  C,  whereby  the  water  inside  the 
droplet  was  evaporated.  The  dried  particles  produced  in  the  process  comprise  substantially  spherical 
micro-porous  aggregates  of  azide  crystals  with  the  oxide  particles  encapsulated  by  the  azide 
particles.  A  scanning  electron  micrograph  of  a  particle  is  shown  in  Fig.  3,  which  shows  the  particle 
to  be  about  40  pm  in  diameter  while  the  azide  crystals  are  in  platelet  forms  with  a  thickness  of  0.5-1 
pm.  Figure  3  also  shows  the  x-ray  concentration  maps  of  the  particle.  These  maps  indicate  the 
concentrations  of  the  three  elements  Na,  Fe  and  Si  and  provide  visual  proof  of  the  high  degree  of 
uniformity  of  the  distribution  of  the  three  ingredients,  NaNj,  Fe203  and  Si02  respectively  in  the 
spray-dried  granules.  Such  a  high  degree  of  intimacy  of  mixing  guarantees  the  fast  and  complete 
reaction  of  the  ingredients  which  eliminates  the  production  of  free  sodium  in  the  combustion 
products.  Most  commercially  available  azide  propellants  produce  free  sodium  on  combustion  to  a 
certain  degree.  It  must  be  trapped  inside  the  inflator  and  cannot  be  allowed  to  flow  into  the  airbag 
due  to  the  fact  that  it  burns  readily  in  air  and  produces  toxic  sodium  oxide.  In  contrast,  Microsaf'''^ 
propellant  produces  no  free  sodium  after  combustion. 


Fig.  3  SEM  and  X-ray  concentration  maps  of  Na,  Fe  and  Si  of  a  spray-dried  Mcirosaf™  particle. 
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Due  to  the  small  sizes  of  the  ingredient  and  their  extremely  high  degree  of  mixing,  the  intrinsic 
reaction  rate  is  also  higher  resulting  in  higher  bum  rates  of  MicrosaF*^  propellants.  Table  1  provides 
examples  of  the  bum  rates  of  Microsaf^^  propellant  and  the  same  formulation  produced  either  by 
direct  drying  of  the  aqueous  dispersion  or  by  ball  milling. 

TABLE  1 

Comparison  of  Bum  Rates  of  MicrosaB^^  Propellants  Produced  by  Different  Processes 


Production  process 

Linear  bum  rate,  mm/s 

MicrosaF^ 

40 

Drying  of  aqueous  dispersion 

24.4 

Ball  Milling 

33 

A  schematic  of  the  complete  MicrosaF^  process  is  shown  in  Fig.  4.  It  illustrates  the  process  steps 
involving  slurrying  and  mixing,  spray  drying,  powder  conditioning,  tableting  and  pressed  grain 
drying.  The  powder  conditioning  process  depended  on  the  requirements  of  the  tableting  process.  It 
generally  consisted  of  mixing  in  additional  pressing  aids,  e.g.  moisture  or  graphite  powder.  Since 
the  starting  material  was  in  solution  form,  reject  materials  at  any  point  in  the  process  cycle  could  be 
reprocessed  by  re-dissolving  in  the  slurrying  tank.  This  eliminated  the  need  to  bum  the  reject 
material,  which  was  becoming  more  restrictive  due  to  the  strict  environment  laws  in  most  areas  in 
North  America.  Currently,  commercial  azide  propellant  producers  have  to  reclaim  the  sodium  azide 
from  reject  propellants  by  additional  process  steps.  These  add  to  the  overall  cost  of  production. 
Even  with  this,  some  of  the  ingredients  cannot  be  recycled  and  must  be  disposed  of  and  they  add  to 
the  contamination  of  the  environment.  In  contrast,  the  MicrosaF^  process  is  totally  recyclable  and 
completely  environmentally  friendly. 


Cooling  Conditioning  Drying 

Fig.  4  Schematics  of  Microsaf™  Production  Processes 
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A  demonstration  pilot  scale  plant  was  built  and  operated  for  over  two  years.  The  reliability  of  the 
Microsaf^^  process  was  shown  by  the  small  variations  in  the  compositions  of  a  large  number  of 
batches,  as  shown  in  Fig.  5.  The  results  show  that  the  concentrations  of  all  ingredients  were  kept  to 
within  ±  1%.  The  reproducible  compositions  and  intimacy  of  mixing  are  also  reflected  in  the 
measured  linear  bum  rate  of  these  batches  as  shown  in  Fig.  6.  For  the  present  formulation,  the 
average  linear  bum  rate  was  37.8  mm/s  with  a  standard  deviation  of  1.8  mm/s  over  all  the  batches 
examined.  These  batches  were  highly  experimental  in  nature  involving  many  process  variations  to 
evaluate  process  control  parameters  and  included  some  recycled  powder  and  recycled  pressed  grains. 
The  ignition  efficiency  of  the  Micro saf^^  propellant  grains  was  also  more  consistent  than  powder 
produced  by  ball  milling  as  demonstrated  by  the  hot  plate  ignition  delay  times^  of  the  two  processes 
shown  in  Fig.  7.  This  again  demonstrated  the  consistent  and  high  degree  of  intimacy  of  mixing 
obtainable  with  the  present  process. 

The  highest  priority  requirement  in  process  design  was  safety.  The  MicrosaFi^  solution  process 
avoids  the  handling  and  mixing  of  dry  pyrotechnic  material  which  is  in  general  very  sensitive  to 
friction  and  impact  in  the  dry  state.  The  high  quantity  of  water  eliminates  the  fire  hazard.  Due  to  its 
simplicity,  reliability  and  recyclability,  it  is  also  potentially  the  lowest  cost  production  process  in  the 
industry. 


Fig.  5  Variation  of  Microsaf™  product  composition  over  a  number  of  batches. 
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Linear  Burn  Rate,  mm/s 


Recycled  Powder 


Fig.  6  MicrosafT^^  propellant  bum  rates  from  all  experimental  batches. 


3 


2 

o 

05 

I 

'c 

1 


0 

500  550  600  650 

Hot  Plate  Temperature,  deg.  C 

Fig.  7  Comparison  of  ignition  delay  times  of  sodium  azide  based  propellants 
produced  by  different  processes. 
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FREEZE-DRY  TECHNOLOGY 


WTiile  spraying  drying  was  shown  to  be  adequate  for  the  production  of  relatively  temperature 
tolerant  sodium  azide  base  pyrotechnics,  however,  the  process  temperatures  were  too  high  for  the 
stability  of  most  energetic  materials.  The  process  was  also  not  suitable  for  materials  with  a  relatively 
low  melting  point.  Furthermore,  extraction  of  the  solvent  by  evaporation  creates  a  hollow  spherical 
structure  after  the  drying  process.  Such  enclosed  air  voids  can  cause  problems  for  fast  pressing 
operations  due  to  the  resistance  of  the  entrapped  air.  The  progressive  crystallization  process  can  also 
cause  segregation  of  the  mixed  solids  from  the  crystallizing  material.  The  relatively  low 
concentration  of  the  silica  on  the  surface  of  the  spray  dried  Microsaf™  particle  seen  in  the  X-ray 
energy  dispersion  spectra  of  Fig.  3  is  evident  of  such  segregation.  For  these  and  for  the  obvious 
reasons  of  safety  in  avoiding  the  use  of  excessively  high  temperature  operations,  an  improved 
process  was  sought  for  the  manufacture  of  Microsaf™  and  other  energetic  materials.  The  new 
concept  combined  crash  freezing  and  fi-eeze-drying  for  the  manufacture  of  energetic  and  other 
materials. 

Freeze  drying  technology  is  a  well  known  process  in  other  industries  where  it  is  used  for  materials 
which  deteriorate  in  high  temperatures,  e.g.  instant  coffee.  The  process  is  in  principle  also  suitable 
for  energetic  materials  for  the  same  reasons.  Furthermore,  when  combined  with  crashed  freezing, 
the  process  was  shown  to  be  capable  of  producing  ultra-fme  crystals  desirable  for  almost  all 
energetic  materials^.  The  freeze  drying  process  concept  is  relatively  straight  forward.  Its  principle  is 
illustrated  in  Fig.  8,  which  shows  the  phase  diagram  of  am  aqueous  solution  as  a  function  of  pressure 
and  temperature.  The  starting  point  "A"  in  the  diagram  is  the  solution  phase,  or  solution  with 


dispersed  solids,  at  atmospheric  pressure  and  room  temperature.  This  solution  is  chilled  rapidly  to 
well  below  its  freezing  point  "B".  The  frozen  solid  is  then  depressurized  (point  "C")  in  a  vacuum 
chamber  and  heat  is  applied  to  it  inside  the  vacuum  chamber  subliming  the  frozen  solvent,  resulting 
in  a  dried  powder  (point  "D").  In  practice,  the  solution  ("A")  is  sprayed  into  a  cold  medium,  e.g. 
cold  nitrogen  gas,  as  very  small  droplets.  The  large  surface  area  and  the  large  temperature  difference 
between  the  nitrogen  and  the  solution  droplets  ensures  high  heat  transfer  rate  which  reduces  the 
crystal  sizes.  As  an  illustration,  the  freezing  time  is  normally  of  the  order  of  0.1  -  1  second.  The 
decompression  time  takes  a  few  1 0’s  of  seconds  and  the  vacuum  drying  time  is  the  longest  taking  the 
order  of  an  hour.  Therefore,  such  crashed  freezing  and  freeze  drying  processes  can  produce 
extremely  small  crystal  sizes  of  the  order  of  a  few  tens  of  nanometers.  The  very  short  freezing  time 
also  minimizes  migration  of  the  mixed  solids,  thus  maintaining  the  uniformity  of  dispersion  obtained 
in  the  solution  mixing  process.  The  ultra-fine  crystals  are  preserved  in  the  vacuum  drying  process  as 
the  frozen  solvent  is  extracted  by  sublimation  and  diffusion  through  the  inter-crystal  spaces.  The 
resultant  freeze  dried  particle  consists  of  a  uniformly  porous  structure  containing  very  fine  crystals 
and  the  mixed  solids. 

In  terms  of  the  SHE  effects,  the  freeze-dry  process  possesses  all  the  advantages  of  the  Microsaf™ 
spray  dry  process  described  above  plus  the  improved  safety  by  eliminating  the  high  temperature 
spray  drying  step.  Therefore,  the  process  is  theoretically  the  safest  possible  route  of  producing  an 
energetic  material.  However,  this  is  still  a  very  new  concept  in  the  early  stages  of  development. 
Presently,  small  pilot  scale  plants  were  built  for  experimental  purpose.  Nevertheless,  many  energetic 
materials  have  been  produced  with  highly  improved  ballistic  properties. 


Examples  of  Application 

A  few  materials  of  interest  to  I  Cl  have  been  investigated  with  our  pilot  freeze-dry  process^.  One  of 
the  first  materials  investigated  with  this  new  process  was  ammonium  nitrate  based  propellants.  Due 
to  the  environmental  concerns  of  the  combustion  products  of  ammonium  perchlorate  based 
propellants,  there  is  currently  a  lot  of  interest  in  propellants  based  on  ammonium  nitrate,  which 
produces  more  environmentally  friendly  combustion  products.  Table  2  shows  a  comparison  of  the 
linear  bum  rates  from  materials  produced  by  the  freeze-dry  process  and  by  ball  milling.  There  are 
significant  increases  in  the  bum  rates  of  35  -  65%  for  ammonium  nitrate  formulations  from  the  ball 
milled  materials.  Similar  increase  was  also  obtained  with  Microsaf^^,  although  the  bum  rate  from 
the  freeze-dried  material  was  similar  to  that  from  the  spray  dried  material  (Table  1).  Freeze-dried 
black  powder  had  a  higher  and  more  reproducible  linear  bum  rate  than  that  produced  from 
conventional  process.  The  literature  reported  bum  rates^  ranging  from  10  to  30  mm/s,  showing  the 
difficulties  of  producing  black  powder  with  consistent  performance.  The  present  process  overcomes 
that  problem  and  is  intrinsically  safer. 


TABLE  2 

Comparison  of  Propellants  Linear  Bum  Rates  (mm/s)  at  6.9  MPa 
Produced  by  the  Freeze  Dry  and  Ball  Milling  Processes 


Formulation 

Freeze  Dry 

Ball  Mill 

AN/polyacrylamide/C 

4.3 

3.2 

above  +  catalyst 

6.3 

3.8 

Micro  saH^  propellant 

40 

33 

Black  powder 

20  (1.9  g/cc) 

10-15^1.7  g/cc) 
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ENERFOILT>*  PYROTECHNIC  FILM 


The  previous  two  processes  had  advanced  the  degree  of  mixing  of  fine  solids  in  water  or  in  the 
solution  of  the  major  ingredients.  The  resultant  mixing  scales  in  the  final  powder,  however,  still 
depends  on  the  degree  of  dispersion  in  the  solution  and  the  degree  of  migration  during  the  crystal 
formation  step.  In  recent  computer  simulations  in  ICI^  they  have  clearly  shown  that,  for  random 
mixtures  of  poly-dispersed  spherical  particles,  it  is  unlikely  that  a  two  component  powder  mixture  of 
similar  particle  sizes  can  ever  be  uniform  on  the  length  scales  characteristic  in  condensed  phase 
combustion.  In  order  to  achieve  a  reasonable  degree  of  uniformity  of  mixing,  the  sizes  of  the  minor 
component  must  be  much  smaller  than  the  major  component.  This  is  exactly  the  reason  of  choosing 
the  very  much  smaller  iron  oxide  and  silica  in  the  Microsaf”'^  formulation.  Nevertheless,  the  degree 
of  mixing  is  still  dependent  on  the  dispersion  properties  of  these  fine  particles  and  the  mixing 
process. 

Recently  a  major  advance  in  pyrotechnic  process  technology  was  invented  at  the  Defence  Research 
Agency  (DRA)  of  the  Ministry  of  Defence^’’®,  UK.  This  process  produces  thin  film  pyrotechnics  by 
physical  vapour  deposition  (PVD)  of  the  reactant  in  vacuum.  The  process  was  in  principle  simple 
and  highly  controlled.  Alternating  layers  of  fuels  and  oxidizers  were  laid  down  on  a  substrate  to 
form  a  sandwich  of  pyrotechnic  material.  The  layer  thickness,  in  effect  the  particle  sizes,  were 
controlled  by  the  vapour  deposition  process  and  the  intimacy  of  mixing  by  the  creation  of  a  laminar 
structure.  Advantages  of  this  novel  process  were  immediately  obvious.  The  randomness  of  mixing 
was  eliminated  and  local  stoichiometry  guaranteed.  Process  dust  generation  was  minimized.  The 
reproducibility  offered  by  PVD  was  high,  promising  a  reduction  in  scrap  material.  Moreover,  as  the 
pyrotechnic  material  was  manufactured  in  sheet  form,  subsequent  handling  did  not  rely  on 
dispensing  powder  and  pressing  pellets,  but  on  cutting  strips  and  rolling  film. 

One  interesting  aspect  of  this  technology  was  the  production  of  a  very  reactive  pyrotechnic  material 
based  on  magnesium  and  PTFE.  In  powder  form,  this  mixture  was  much  used  as  rocket  motor 
igniter  material.  Unfortunately,  the  powder  was  dangerous  to  manufacture  and  hazardous  to  handle 
and  press,  with  approximately  1  in  every  30,000  pellets  spontaneously  igniting.  DRA  found  that 
when  a  piece  of  PTFE  film  was  coated  with  magnesium,  a  fast  burning  composition  resulted  which 
showed  much  improved  resistance  to  hazardous  stimuli.  I  Cl  Explosives  Automotive  Products 
recognized  the  significance  of  such  a  process  and  the  new  material  in  their  applications  in 
automotive  airbag  inflators.  An  exclusive  license  was  obtained  in  1992  from  the  DRA  and  the  UK 
authorities  for  the  use  of  this  material  in  automotive  safety  systems.  ICI  early  on  conceived  of  an 
ignition  enhancer  for  sodium  azide  propellant  gas  generant  and  heating  system  in  hybrid  airbag 
inflators'*’’^  made  from  such  magnesium-PTFE  pyrotechnic  sheet,  or  Enerfoil™  film,  as  its  trade 
name  adopted  by  ICI. 

Although  initial  feasibility  was  demonstrated  by  a  simple  vacuum  coater  built  by  the  DRA,  the 
quality  of  the  Enerfoil™  film  was  poor  and  there  was  a  lack  of  reproducibility  in  performance. 
However,  no  commercial  manufacturing  process  existed  for  the  film.  ICI  decided  to  design  and 
build  the  world's  first  production  scale  roll  coater  for  the  production  of  the  Enerfoil™  film,  with 
input  from  experts  from  ICI  Explosives,  ICI  Films,  ICI  Image  Data  and  engineers  from  General 
Vacuum  Equipment  Ltd.  (Hey wood,  Lancashire,  UK).  Special  attentions  were  paid  to  safety  issues 
during  the  development  process  and  this  has  resulted  in  some  innovative  features Machine 
fabrication  and  commissioning  was  completed  in  1994  and  installation  at  ICI  Explosives'  Tamaqua 
(Pennsylvania,  USA)  site  was  completed  in  1995.  The  process,  product  and  some  application  results 
are  briefly  described  in  the  following,  more  details  can  be  found  in  Refs.  16-18. 
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Vacuum  Coating  Process 


The  machine  layout  is  shown  in  Fig.  9.  The  film  winding  mechanism  was  arranged  so  that  the 
rewind  zone  was  located  at  one  end  of  the  machine  and  was  separated  from  the  unwind  zone.  In  the 
unwind  (coating)  zone,  the  PTFE  feed  reel  unwinded  the  roll  of  film  which  was  wound  on  a  first 
cooled  coating  drum  for  coating  of  the  first  side  of  the  film  and  then  wound  onto  the  second  drum  for 
coating  the  opposite  side.  Beneath  the  two  cooled  drums  were  two  identical  magnesium  sources. 
Each  source  consisted  of  a  series  of  radiantly  heated  crucibles  held  in  retorts.  The  retorts  were 
arranged  across  the  web  and  were  equally  spaced  radially  around  the  drum.  Magnesium  ingots  were 
heated  under  high  vacuum  and  sublimed  to  form  vapour  jets.  The  vapour  jets  were  directed  onto  the 
substrate,  where  the  vapour  condensed  on  the  web  in  contact  with  the  chilled  process  drum.  This 
coating  was  achieved  with  excellent  uniformity.  An  accurate,  non-contact,  multi-point  deposition 
monitor,  which  was  specially  adapted  to  this  application,  was  installed  after  each  process  drum. 
They  measured  the  thickness  of  the  first  and  second  coatings  continuously.  This  data  was  then 
stored  and  used  to  control  the  evaporation  sources  and  the  stored  data  also  provided  product  quality 
verification. 


PTFE  Aluminium  Enerfoil 

feed  reel  sputlerers  windup  reel 


Magnesium  Magnesium  Cooled 

bars  boilers  coating  drums 


Fig.  9  Enerfoil™  vacuum  coater  schematic 


After  the  coating  of  the  magnesium  layers,  the  film  was  then  wound  around  two  drums  where  a  very 
thin  coating  of  aluminum  (20  nm)  was  coated  on  the  magnesium  surfaces.  The  aluminum  coating 
helped  to  reduce  surface  oxidation  rate  of  the  EnerfoiF'^  in  the  presence  of  oxygen.  After  the 
aluminum  coating,  the  film  was  then  passed  through  a  load  lock  which  separated  the  coating 
chamber  from  the  rewind  chamber. 

As  usual,  safety  has  been  of  paramount  importance  during  the  design  and  manufacture  of  this 
machine.  This  was  achieved  by  incorporating  automatic  controls  wherever  possible  and  some 
proprietary  design  features.  The  load  lock  was  one  of  these  features. 
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EnerfoiP^  Film  Properties 


The  magnesium  crystal  formed  columnar  structures  on  the  PTFE  surface,  as  can  be  seen  in  the 
scanning  electron  micrograph  of  Fig.  10.  The  magnesium  layer  was  typically  about  8  pm  thick  with 
individual  crystal  sizes  of  about  1  pm  wide  by  8  pm  long.  The  unique  sandwich  structure  of  this 
material  with  a  continuous  surface  conductive  metal  layers  rendered  it  very  much  safer  in  handling. 
Standard  hazard  tests  on  the  film  were  carried  out  in  our  laboratories,  and  the  results  are  summarized 
in  Table  3.  The  data  show  that  Enerfoil™  film  is  very  insensitive  to  impact  and  friction  and  the 
electrostatic  ignition  threshold  for  sustained  burning  is  exceptionally  high.  Thermal  stability  data 
were  obtained  by  high  temperature  DSC  and  they  showed  the  material  to  be  extremely  insensitive  to 
heat.  Together,  these  properties  provided  positive  proves  that  Enerfoil™  film  is  much  safer  for 
subsequent  processing  and  handling  operations  than  that  associated  with  powder  systems.  For 
example  the  spark  sensitivity  of  the  equivalent  powder  system  is  less  than  about  1  joule^^ 


Fig.  1 0  SEM  of  Enerfoil™  surface  showing  the  columnar  structure  of  magnesium  crystals 


TABLES 

Hazard  and  Sensitivity  Data  for  Enerfoil™  Pyrotechnic  Film 


BAM  impact  sensitivity 

16  Joule 

BAM  friction  sensitivity 

>360N 

Static  ignition  threshold 

20  Joules 

DSC  thermal  stability 

>  450°  C 

Time  to  ignition  at  550  °  C 

30  sec 

Ballistic  properties  have  been  computed  by  thermochemical  calculations,  and  by  calculation  from 
closed  vessel  combustion  tests.  These  are  summarized  in  Table  4.  The  Enerfoil™  pyrotechnic  film 
has  a  very  high  flame  temperature  and  heat  of  reaction,  but  a  very  low  force  constant.  Such  a 
combination  of  properties  is  ideal  for  ignition  systems,  since  these  systems  would  generate  very  low 
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transient  forces  avoiding  damages  to  the  propellant  grains.  Ignition  is  primarily  caused  by  the 
condensation  of  the  reaction  products  onto  the  propellant,  with  the  release  of  large  amounts  of 
energy.  Flame  spread  rates  across  the  film  were  measured  and  found  to  be  sensitive  to  local  pressure 
and  geometry.  Flame  spread  across  an  unconfined  sheet  occured  at  about  1  m/s“°.  Upon 
confinement,  the  flame  spread  rate  could  reach  close  to  sonic  or  even  supersonic  speeds. 

TABLE  4 

Computed  and  Measured  Ballistic  Properties 


Isochoric  flame  temperature 

5010° K 

Mass  of  gas. 
products 

78%  at  flame  temperature 

Isobaric  flame  temperature 

3800°  K 

0%  at  STP 

Heat  of  reaction 

9.6  MJ/kg 

Flame  spread 
rate 

~  1  m/s  (combustion) 

Force  Constant 

0.165  MJ/kg 

~  1000  m/s  (detonation) 

Linear  bum  rate^’ 

16.9p(MPa)“-“ 

In  general  there  are  three  intrinsic  energy  release  rates  for  a  roll  of  combustible  sheet  material 
depending  on  the  geometry  of  the  roll.  The  energy  release  rate  of  a  loosely  wrapped  roll,  with 
optimum  interply  spaces,  is  governed  by  the  speed  of  propagation  of  the  combustion  front  through 
the  interply  spaces  and  the  intrinsic  bum  rate  of  a  single  layer  of  Enerfoil™  film.  Both  of  these  rates 
are  functions  of  the  initial  pressure  only,  for  a  given  ambient  gas  composition.  For  example,  it  takes 
0.6  ms  to  consume  a  40  pm  thick  material  at  20  MPa  assuming  the  bum  rate  of  Ref  21.  It  takes  0.2 
ms  for  the  flame  to  propagate  through  200  mm  length  of  a  typical  ignition  roll,  when  a  strong 
ignition  source  is  used  generating  a  detonative  combustion  wave.  (The  latter  is  slower  if  a  gentle 
ignition  source  is  used  generating  a  slower  combustion  flame  propagating  at  about  1  m/s.^°  ) 
Therefore,  the  overall  energy  release  rate  (<  1  ms)  is  determined  by  a  combination  of  these  two  rates 
and  is  independent  of  the  number  of  layers,  or  the  total  amount  of  material,  in  the  roll.  On  the  other 
hand,  if  the  interply  spaces  are  reduced  to  zero,  prohibiting  the  free  propagation  of  combustion 
products  in  the  spaces,  the  roll  possesses  two  other  energy  release  rate.  A  second  energy  release  rate 
is  determined  by  the  radial  thickness  of  the  roll  and  the  linear  bum  rate  of  the  material  in  the  radial 
direction.  The  third  energy  release  rate  is  given  by  the  length  of  the  roll  and  the  linear  bum  rate  of 
the  roll  in  the  axial  direction.  Obviously,  an  infinite  number  of  energy  release  rates,  from 
milliseconds  to  seconds,  can  be  obtained  by  choosing  one  of  these  two  modes  with  suitable 
dimensions  for  the  roll.  This  illustrates  the  versatility  of  EnerfoiF'^  film  in  its  potential  applications. 


EnerfoiF*^^  Commercial  Applications 

One  of  the  first  commercial  applications  of  EnerfoiF^  pyrotechnic  film  was  developed  by  ICI 
Explosives  Automotive  Products  in  the  area  of  ignition  systems  for  sodium  azide  based  passenger 
side  airbag  inflators.  Airbag  inflators  require  very  fast  functional  times  of  between  30  -  60  ms. 
Uniform  and  prompt  ignition  of  the  gas  generant  grains  are  an  absolute  necessity.  Previous 
commercial  ignition  systems  were  both  expensive  and  hazardous  in  manufacturing  and  handling. 
ICI  Explosives’  EnerfoiF^^  ignition  enhancer  had  overcome  both  the  cost  and  handling  hazards  of 
these  systems.  Its  performance  was  shown  to  be  among  the  best  in  the  industry The  ignition 
enhancer  was  made  from  cut  sheets  of  quadrilateral  shaped  EnerfoiF^  film  pre-embossed  with  rows 
of  regularly  spaced  dimples.  The  sheet  was  wound  to  form  a  hollow  coil  with  the  desired  interply 
separation  distances  of  about  300  pm.  The  enhancer  was  inserted  into  a  stack  of  propellant  grains, 
with  or  without  a  confinement  tube.  The  end  of  the  enhancer  with  the  internal  helices  was  ignited  by 
a  squib.  This  resulted  in  extremely  fast  combustion  time  of  the  enhancer  as  shown  in  Fig.  1 1 ,  which 
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shows  the  pressures  inside  the  confining  tube  and  in  the  propellant  chamber  filled  with  dummy 
grains.  The  total  combustion  time  of  the  Enerfoil™  enhancer  was  only  about  2.5  ms  which 
corresponded  to  a  linear  bum  rate  of  8  mm/s  for  a  40  pm  thick  film,  assuming  simultaneous 
combustion  from  both  sides  of  the  film.  Similar  bum  rates  (10  mm/s)  were  reported  by  Peretz^°  for 
Mg/PTFE  at  atmospheric  pressure. 


Time,  ms 


Fig.  1 1  Ballistic  performance  of  Enerfoil™  ignition  enhancer  in  a  confinement  tube. 


Ignition  of  solid  propellanrs  depends  strongly  on  the  rate  of  heat  transfer  to  the  surface  of  the 
propellant,  which  depends  on  an  efficient  coupling  between  the  propellant  grain  design  and  the 
function  of  the  ignition  system.  ICI  Explosives  has  developed  a  very  efficient  grain  geometry  which 
made  full  use  of  the  very  high  energy  flux  from  the  Enerfoil™  ignition  enhancers.  The  grains  were 
wafers,  pressed  from  MicrosaF^  powder,  having  dimensions  of  35  mm  OD,  14  mm  ID  and  4  mm 
thick.  One  surface  of  the  grain  had  16  radial  ridges  (0.25  mm  height)  pressed  on  the  grain.  The 
experimental  pressure  in  the  enhancer  confining  tube,  from  a  test  using  such  a  combination  of 
enhancer  and  propellant  grains,  is  shown  in  Fig.  12.  Following  the  enhancer  reaction  spike,  the  rise 


Fig.  12  Comparison  of  predicted  and  experimental  inflator  pressures. 
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in  pressure  at  4,2  ms  is  a  result  of  the  combustion  of  the  propellant.  Therefore,  ignition  of  the  grains 
were  effected  well  before  this  time.  This  ignition  delay  (~  3  -  3.5  ms)  was  found  to  be  almost 
independent  of  initial  infiator  temperatures,  which  was  unique  among  all  existing  commercial 
inflator  ignition  systems.  The  sharp  change  of  slope  at  51.5  ms  was  caused  by  the  almost 
simultaneous  completion  of  combustion  of  all  propellant  grains.  This  was  an  indirect  proof  that  the 
propellant  grain  surfaces  were  ignited  uniformly  and  simultaneously.  This  is  further  proven  by  the 
excellent  fit  between  the  experimental  curve  and  the  theoretical  prediction' 

Another  potential  application  of  Enerfoil™  pyrotechnic  film  was  its  use  as  a  heating  source  in  hybrid 
inflators'l  In  this  case,  the  Enerfoil™  heating  system  was  housed  inside  a  high  pressure  bottle, 
containing  inert  gases  such  as  argon,  helium  or  nitrogen.  Oxygen  was  normally  added  to  facilitate 
the  reaction  speed  of  the  EnerfoiF^  film  and  to  increase  the  total  energy  output  by  reacting  with  the 
carbon  from  the  combustion  products.  The  latter  reaction  increased  the  theoretical  heat  of  reaction 
from  9.6  kJ/g  to  14.9  kJ/g.  The  desired  EnerfoiF^  film  geometry  depended  on  the  energy  release 
rate  requirements.  The  geometry  of  a  fast  output  charge  differed  only  slightly  from  the  ignition 
enhancer.  However,  for  slower  energy  output  rates,  the  other  geometries  mentioned  above  or 
combinations  of  them  were  needed.  A  single  or  multiple  charges  was  used  to  phase  out  the  energy 
release  rate  to  provide  programmed  output  for  the  next  generation  smart  airbags.  Fig.  13  is  a  plot  of 
the  bottle  and  output  pressures  in  a  60  L  tank  for  a  single  charge  of  6  g  of  EnerfoiF^  roll,  made 
using  the  fastest  burning  geometry,  burnt  in  a  0.5  L  vessel  containing  argon  and  oxygen  (90/10). 
Fig.  14  is  a  similar  pressure  plot  for  a  dual  charge  system  with  one  radially  burning  (tightly  wrapped) 
roll  and  one  fast  burning  Enerfoil™  roil.  The  ignition  of  the  latter  was  delayed  by  10  ms,  which 
produced  the  desired  slow  and  fast  output  pressures  in  the  60  L  tank.  Such  programmability  is 
required  in  the  next  generation  of  smart  inflators  and  airbags. 


Fig.  13  Hybrid  inflator  output  with  one  6  g  Enerfoil™  heating  roll. 


427 


40 


800 


Fig.  14  Hybrid  inflator  and  tank  pressures  with  dual  Enerfoil™  heating  rolls. 


CONCLUSIONS 

The  present  paper  demonstrates  clearly  the  possibility  of  designing  new  processes  and  formulations 
jointly  for  energetic  materials  to  achieve  the  highly  desirable  features  of  improved  reaction  rate  and 
completeness  of  reaction  (  requiring  small  ingredient  sizes  with  controlled  and  high  degree  of 
intimacy  of  mixing),  with  enhanced  manufacturing  efficiency  and  safety.  At  the  same  time  a  high 
degree  of  environmental  friendliness  can  also  be  obtained  with  these  new  processes  by  reducing  or 
eliminating  material  wastage  through  recycling.  All  three  ICI  processes  described  in  this  paper  met 
some  or  all  of  these  ideal  process  criteria. 

The  energetic  materials  industry  has  progressed  a  long  way  since  Alfred  Nobel's  days.  It  is,  with  the 
new  processes  such  as  those  described  here,  definitely  going  into  the  Twenty  First  Century  with  a 
new  outlook  and  promise  of  ideal  energetic  materials  with  all  desirable  features  that  could  only  be 
dreamt  of  until  now.  The  new  processes  will  also  allow  the  industry  to  produce  new  materials 
satisfying  the  most  stringent  environmental  requirements  in  all  countries  by  their  inherent  cradle  to 
grave  approach  in  integrated  process  and  formulation  design. 
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“CLEAN”  PROPELLANTS  FOR  COMMERCIAL  APPLICATIONS 


G.M.H.J.L.  Gadiot,  D.W.  Hoffmans,  P.A.O.G.  Korting  and  A.P.M.  Leenders 

TNO  Prins  Maurits  Laboratory 


ABSTRACT;  Trends  for  solid  propellant  applications  in  the  Netherlands  during  the  last  decade  are 
described,  especially  focusing  on  new  propellant  formulations  which  are  “clean”. 

In  1985  TNO  IVins  Maurits  Laboratory  (TNO-PML)  became  involved  in  the  development  of 
pyrogenic  devices  for  Anane  5  s  Vulcain  engine  HM  60,  which  developed  into  a  production 
programme  of  AN  based  turbine  pump  starters  and  igniters  for  the  European  Space  Agency  (ESA). 
During  the  development,  it  turned  out  that  removing  the  hydrochloric  acid  has  other  advantages,  e.g., 
less  smoke  in  the  rocket  plume,  while  AN  based  formulations  show  better  cook-off  behaviour. 
Another  application  of  clean  propellant  technology  is  the  development  of  a  new  “environmentally 
friendly  and  human  friendly”  gas  generator  composition  for  an  airbag.  This  composition  is  based  on 
AN  with  triaminoguanidine  -nitrate  (TAGN)  or  nitroguanidine  (NQ)  and  has  the  advantage  over 
sodium  azide  (NaNs)  based  gas  generators  that  less  toxic  and  corrosive  products  and  much  less  solid 
reaction  products  are  formed. 

In  a  search  for  new  “clean”  high  performance  propellants,  performed  for  the  ESA,  Hydrazinium 
Nitroformate  (HNF)  based  propellants  were  identified  as  new  interesting  formulations,  that  offer  a 
much  higher  specific  impulse  than  obtained  with  conventional  composite  propellants. 

Under  sponsorship  of  ESA  and  the  Netherlands  Agency  for  Aerospace  Programs  a  research 
programme  was  initiated,  aiming  at  experimentally  demonstrating  the  increased  performance  of  HNF 
based  propellants. 


INTRODUCTION 

Until  about  ten  years  ago  most  of  the  activities  in  the  area  of  solid  propellants  at  TNO-PML  were 
focused  on  their  use  in  rockets  and  missiles  for  defence  purposes. 

This  propellant  technology  may  also  be  used  for  other  (civil)  applications,  when  there  is  a  need  to 
produce  in  a  reliable  way  a  large  amount  of  gas  in  a  very  short  time. 

For  example  civil  applications  of  energetic  materials  can  be  found  in: 

•  propellants  for  propulsion  devices  (e.g.  apogee  kick-motors); 

•  igniters; 

•  gas  generators  (e.g.  turbine  pump  starters); 

•  airbags; 

•  fire  extinguishing/explosion  suppression  equipment; 

•  safety  systems  (e.g.  pyrovalves); 
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•  cutting  devices  (pyrocutters); 

•  separation  charges. 

In  1985  TNO-PML  started  development  work,  together  with  Stork  Product  Engineering  (SPE),  on  a 
gas  generator  (turbine  pump  starter)  and  two  igniters  for  the  Ariane  5  Vulcain  engine.  For  the 
propellant  used  in  the  devices,  ESA  required  non-corrosive  gases,  which  led  to  the  development  of 
AN  based  propellant. 

Nowadays  propellant  grains  for  turbine  pump  starter  and  igniters  are  being  produced  at  Aerospace 
Propulsion  Products  (APP),  a  company  founded  by  TNO  in  1989. 

During  the  years,  it  became  also  clear  that  the  environmental  impact  of  space  related  activities  led  to 
an  increasing  concern  about  acid  released  into  the  atmosphere  during  launches.  During  one  Space 
Shuttle  launch  about  250  tons  of  hydrochloric  acid  is  formed,  causing  effects  like  acid  rain  and 
depletion  of  the  ozone  layer.  Clean  propellants  will  have  an  advantage  in  this  respect.  A  disadvantage 
is  that  AN  based  conventional  propellants  have  lower  energetic  properties  than  AP  based  propellants. 
For  rocket  motor  applications,  a  two-way  technology  approach  has  been  chosen: 

•  extending  the  existing  AN  technology  by  introducing  energetic  binders  like  glycidyl  azide 
polymer  (GAP); 

•  development  of  a  new  technology  based  on  a  “new”  chlorine  free  oxidizer  hydrazinium 
nitroformate  (HNF)  with  a  very  high  specific  impulse.  This  new  oxidizer  is  now  being 
produced  by  APP  on  pilot  plant  scale.  Its  synthesis  method  has  been  patented. 

Also  other  applications  of  propellant  technology  have  been  pursued,  like  air  bags,  fire  extinguishers, 
pyrovalves  and  pyrocutters. 

For  air  bags  a  new  solution,  which  is  “environmentally  friendly  and  human  friendly”,  has  been 
patented  and  will  be  further  developed  together  with  industry. 

In  this  way  propellant  activities  at  TNO-PML  in  the  last  decade  have  undergone  a  shift,  whereby 
about  half  of  the  activities  is  still  for  defence  purposes  and  half  for  civil  applications. 


DEVELOPMENT  OF  AN  BASED  PROPELLANTS 

In  1985,  SPE  and  TNO-PML  submitted  a  joint  proposal  for  the  development  of  three  pyrotechnic 
devices  for  the  Vulcain  engine.  After  a  first  feasibility  study  in  1987,  a  contract  was  awarded  to  SPE 
and  TNO  for  the  development  and  delivery  of  Turbopump  Starters  and  Igniters  for  the  Gas  Generator 
and  Thrust  Chamber  of  the  Vulcain  engine.  In  this  program,  TNO  developed  propellants  and  booster 
charges  for  these  devices,  while  SPE  designed  the  metal  casings.  For  safety  reasons  (in  view  of 
manned  space  flight  double  base  propellants  were  considered  too  hazardous)  and  for  technical 
reasons,  chlorine  free  composite  propellants  based  on  ammonium  nitrate  (AN)  were  selected.  Since 
then,  TNO-PML  has  studied  the  use  of  AN  as  an  oxidizer  for  solid  propellants  thoroughly. 

Ammonium  Nitrate  is  easily  available  and  less  hazardous  than  Ammonium  Perchlorate  (AP). 
However,  the  performance  of  AN  based  propellants  is  much  lower,  while  in  addition  AN  shows 
phase  transitions  with  corresponding  changes  in  volume  in  the  temperature  range  of  interest  for 
practical  applications.  In-depth  studies  of  AN  phase  transitions  and  the  use  of  various  compounds 
that  may  suppress  phase  transitions  like  diamine  nickel  nitrate  have  been  made  by  the  Institut  fur 
Chemische  Technologie  (ICT)  in  Germany  [Engel].  This  institute  is  one  of  the  few  producers  of 
phase  stabilized  Ammonium  Nitrate  (psAN),  that  can  be  used  as  an  oxidizer  in  propellant 
formulations.  Since  most  of  the  phase  stabilizers  are  carcinogenic  or  may  cause  an  environmental 
problem  this  prohibits  the  widespread  use  of  psAN.  Therefore,  research  is  directed  towards  more 
acceptable  stabilizers;  as  water  promotes  phase  transitions,  the  introduction  of  very  dry  AN  may 
become  an  attractive  alternative  for  AN  stabilized  with  metal  oxide.  AN  has  other  drawbacks,  it  is 
very  hygroscopic  and  therefore  requires  the  use  of  humidity  controlled  facilities.  The  burning  rate  of 
AN  based  propellants  is  low,  typically  2-3  mm/s  at  10  MPa,  and  is  closely  related  to  the 
decomposition  mechanism  of  AN,  which  is  known  to  be  endothermic  [Brill].  This  also  explains  the 
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poor  ignitability  of  AN  propellants,  although  one  may  argue  that  this  may  be  a  clear  advantage 
instead  of  a  disadvantage.  It  is  important  to  state  that  by  increasing  the  pressure  and  temperature  the 
decomposition  of  AN  becomes  less  endothermic.  Also  the  use  of  catalysts  may  change  the 
decomposition  mechanism  of  AN. 

On  the  basis  of  psAN,  TNO-PML  developed  a  low  temperature  (1400  K)  propellant  for  the  Turbine 
Pump  Starter  and  a  relatively  high  temperature  (2250  K)  propellant  for  the  Gas  Generator  Igniter  and 
the  Thrust  Chamber  Igniter  for  the  Anane  5  Vulcain  engine.  The  Vulcain  engine  (Figure  1)  is  fed  by 
liquid  oxygen  and  liquid  hydrogen  and  is  designed  to  provide  1025  kN  thrust  during  600  s  for  the 
Ariane  5  launcher. 


Figure  I.  Testing  of  the  Vulcain  engine 


The  engine  is  a  gas  generator  cycle  engine  with  two  high  performance  turbo  pumps,  one  for  liquid 
hydrogen  and  the  other  for  liquid  oxygen.  A  schematic  view  on  the  main  components  of  the  engine  is 
shown  in  Figure  2.  The  specifications  of  the  starter  and  ignition  equipment  do  not  allow  for  the 
production  of  corrosive  gases  by  these  devices  as  these  would  be  detrimental  for  the  engine’s 
hardware.  Part  of  the  propellant  development  work  by  TNO-PML  has  been  published  in  the  open 
literature.  In  [Korting],  the  effect  of  various  catalysts  on  burning  rate  behaviour  has  been  studied.  The 
results  of  an  ignition  research  programme  have  been  presented  in  [2x,  de  Valk  en  Mul].  Igniters  for  a 
fast  and  reliable  ignition  could  be  designed  on  the  basis  of  the  Magnesium  Teflon  Viton  pyrogenic 
composition.  The  effect  of  moisture  and  ageing  on  AN  based  propellants  were  shown  in  a  study 
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reported  in  [Miedema,  Zee].  The  effect  of  particle  size  distribution  on  the  bum  rate  of  AN  based 
propellants  was  thoroughly  investigated  as  to  reduce  propellant  batch-to-batch  variations  when 
introducing  new  batches  of  psAN  in  the  production  of  propellant.  A  better  method  was  developed  to 
relate  burning  rate  to  particle  size  distribution,  see  (Miedema,  Klein]. 


injection  valve 


control  point 


Figure  2.  Hydraulic  Scheme  of  Ariane  5’s  Vulcain  engine 


To  further  increase  the  knowledge  level  of  psAN  based  propellants,  a  separate  technology  program 
was  carried  out  during  the  period  1991  -  1995.  Attention  was  paid  to  mechanical  properties  and  glass 
transition  point,  and  the  effect  of  curing  catalysts,  anti-oxidant  and  NCO/OH  on  ageing.  Also  the 
effect  of  moisture  and  certain  ingredients  on  thermal  stability  of  AN  propellants  was  studied. 
Through  this  knowledge  the  production  process  of  AN  based  propellants  could  be  controlled  within 
narrow  margins.  A  thorough  study  was  performed  to  investigate  the  effect  of  various  catalysts  on 
bum  rate  and  bum  rate  exponent.  The  ignition  behaviour  was  also  studied  in  more  detail.  In 
cooperation  with  the  University  of  Milan  (L.  De  Luca),  a  steady  combustion  model  for  AN  based 
propellants  has  been  developed,  in  which  the  effects  of  AN  particle  size  and  phase  transitions  on  the 
combustion  proce.ss  is  taken  into  account.  The  pyrolysis  is  modeled  by  considering  the 
decomposition  of  AN  and  the  binder  separately.  The  physical  description  of  the  burning  AN  particle 
follows  the  Becksted,  Derr  &  Price  (BDP)  model.  As  an  example,  Vieille’s  burning  rate  law  derived 
by  the  model  has  been  plotted  for  a  propellant  consisting  of  75%  AN  and  25%  HTPB,  see  Figure  3. 
The  results  are  given  for  three  different  particle  sizes.  The  trend  of  the  pressure  exponent  vs.  particle 
diameter  at  low  and  high  AN  loadings  for  three  different  propellant  temperatures  is  plotted  in 
Figure  4. 

At  present  TNO-PML  studies  the  use  of  AN  in  AP  based  solid  propellant  formulations  to  lower  the 
hazard  properties  of  systems  using  AP  based  propellant.  For  instance,  an  igniter  equipped  with  a 
AN/AP  based  propellant,  in  combination  with  a  conventional  composite  propellant  grain,  may 
significantly  improve  the  Insensitive  Munitions  (IM)  characteristics  of  the  complete  rocket  motor 
when  subjected  to  slow  cook-off.  This  is  due  to  the  lower  auto  ignition  temperature  of  the  igniter 
propellant. 
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Figure  3.  Derivation  of  Vieille’s  law  for  AN/HTPB  75/25  propellants 
with  three  different  particle  mean  diameters 


Figure  4.  Trend  of  the  pressure  exponent  with  respect  to  the  particle  diameter  at 
two  oxidizer  mass  fractions  and  three  initial  temperatures 
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SPIN-OFF  OF  AN  TECHNOLOGY 


Most  gas  generator  compositions  used  nowadays  in  airbags  are  based  on  sodium  azide,  NaNs.  These 
compositions  show  drawbacks:  NaNs  itself  is  a  toxic  compound  and  corrosive  reaction  products  are 
formed.  Half  of  the  reaction  products  are  solids  which  do  not  contribute  to  the  gas  production,  but 
may  cause  scalds.  Research  is  focused  to  replace  NaNs  by  other  propellant  formulations. 

Also  TNO-PML  is  involved  in  this  research.  Interesting  formulations  were  developed  that  may 
overcome  the  disadvantages  of  NaN3. 

These  compositions  are  based  on  AN/TAGN  or  AN/NQ,  which  are  non-toxic  raw  materials. 
Primarily  non-toxic  gaseous  products  are  formed,  i.e.  N2,  CO2  and  H2O.  Also  some  CO  may  be 
formed.  Copper  (II)  oxide  is  added  to  these  compositions  to  decrease  the  amount  of  CO  formed  and 
also  to  increase  the  burning  rate. 

Burning  rate  vs.  pressure  data  were  generated  using  a  laboratory  scale  burner,  while  combustion 
products  were  analyzed  immediately  after  disseminating  the  gases  in  a  50  1  bag  (see  Figure  5).  In 
addition  to  N2,  CO2  and  H2O,  the  following  gases  were  identified:  CO,  NO,  NO2,  HCN  and  NH3. 

The  amount  of  CO  formed  can  be  up  to  10%.  However,  addition  of  CuO  decreased  this  to 
approximately  2%.  The  amount  of  NO,  NO2,  HCN  and  NH3  formed  was  acceptable,  regardless 
whether  CuO  was  added  or  not. 

From  Table  1  one  may  conclude  that  the  gas  formation  of  AN/TAGN  or  AN/NQ  is  approximately 
twice  that  of  NaNs;  that  the  amount  of  solid  particles  is  derived  from  added  CuO;  and  that  the  flame 
temperature  is  somewhat  high.  The  consequences  of  the  latter  are  being  investigated. 


Figure  5.  Test  set-up  for  dissemination  in  a  50 1  bag 
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Table  1 

Theoretical  predicted  properties  of  AN/TAGN  or  AN/NQ  compositions  compared  to  NaN3 

Properties  (calculated)  NaN3  AN/TAGN  or  AN/NQ  composition 

Gas  formation  (per  100  gram)  1 .64  mole  2-5  mole 

Formation  of  solid  particles  (per  100  gram)  50  gram  3-1 1  gram 

Flame  temperature  1 300  K  2300  K 


Table  2 

Test  results  of  AN/TAGN  or  AN/NQ  compositions 
Test  results  AN/TAGN  or  AN/NQ  composition 


Burning  rate 
CO  formation  in  bag 
Vacuum  stability  test 
Impact  sensitivity 
Friction  sensitivity 


10-25  mm/s,  10  MPa 
appr.  2% 

0.1-1  ml/2.5  gram  (40  hrs  at  90°C) 

10-15  Nm 

216N 


Table  2  shows  that  the  newly  developed  compositions  are  very  promising  for  being  actually  used  as  a 
gas  generator  composition  in  an  airbag.  The  composition  has  to  be  optimised  for  specific 
applications. 


DEVELOPMENT  OF  HNF  BASED  PROPELLANTS 

In  1988,  a  study  on  a  new  storable  high  performance  propellant  was  initiated  at  TNO-PML  under 
funding  of  ESA  and  the  Netherlands  Agency  for  Aerospace  Programs  (NIVR), 

In  this  study  [Mul  et  al.]  the  combination  of  HNF,  A1  and  GAP  was  identified  as  a  very  promising 
formulation  for  future  solid  propellants  for  application  in  space  launcher  boosters.  When  aluminium 
is  not  present  in  the  formulation,  a  high  performance  minimum  smoke  propellant  is  obtained. 
HNF/AFGAP  propellants  will  have  an  enhanced  performance  in  terms  of  specific  impulse,  and  are 
environmentally  friendly  due  to  the  absence  of  chlorine  containing  combustion  products. 

As  a  first  step  theoretical  performance  was  calculated.  Some  relevant  performance  aspects  and  typical 
reaction  products  for  advanced  space  and  tactical  propellants  are  compared  in  Table  3  to  their 
conventional  counterparts.  The  advanced  propellant  formulation  has  an  enhanced  performance  in 
terms  of  specific  impulse  (Isp)  of  6%  for  the  space  propellant  and  8.5%  for  the  tactical  propellant. 
For  space  propellants  a  high  specific  impulse  is  the  driving  factor.  For  tactical  propellants  in  missiles 
reduced  plume  signature  is  also  a  driving  factor. 

The  advanced  tactical  propellant: 

•  generates  no  hydrogen  chloride,  preventing  secondary  smoke  to  form  in  the  rocket  plume; 

•  produces  less  carbon  monoxide  and  hydrogen  and  hence,  reduces  the  probability  of  after 
burning; 

•  contains  no  solid  matter,  preventing  the  occurrence  of  primary  smoke. 

These  three  aspects  contribute  to  the  largely  improved  signature  of  the  advanced  tactical  plume. 

As  a  second  step  availability  of  ingredients  was  considered.  The  main  ingredients  for  the  propellant 
are  HNF  and  GAP.  GAP  is  produced  under  license  from  Rockwell  in  the  US,  by  SNPE  in  France. 
HNF  was  not  commercially  available  at  that  time,  but  is  presently  produced  on  pilot  scale  (capacity 
30  -  300  kg/year)  at  APP  using  an  acid-base  reaction  between  nitroform  and  hydrazine  [Schoyer  et 
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al.].  The  product  is  recrystallized  for  improved  purity.  So  far,  two  recrystallization  methods  have 
been  developed;  a  solvent/nonsolvent  method  is  employed  for  obtaining  small  HNF  particles 
(average  diameter^-  20  pm)  and  an  evaporation  method  is  used  to  obtain  larger  HNF  particle  sizes 
(average  diameter^  200  pm).  In  this  way  a  bi-modal  mixture  was  obtained.  HNF  particles  are  needle 
shaped.  This  is  not  desirable  for  propellant  production  with  respect  to  impact  and  friction  sensitivity 
and  propellant  solid  loading.  At  present  length  to  diameter  ratios  of  2  -  5  can  be  achieved  for  both 
particle  sizes,  but  research  at  APP  is  focused  to  further  reduce  LVD  ratios.  A  typical  example  of  HNF 
recrystallized  particle  shape  is  given  in  Figure  6. 


Figure  6.  Re-crystallized  HNF  with  Length  over  Diameter  ratios  4  to  5  (<x>  =  ~  500  pm) 


As  a  third  step  safety  of  handling  and  manufacturing,  toxicity  and  compatibility  of  ingredients  was 
considered.  Some  elementary  properties  of  HNF  and  other  common  oxidizers  are  given  in  Table  4. 
The  Table  shows  that  the  melting/decomposition  temperature  is  similar  for  AP  and  HNF,  whereas  it 
is  lower  for  ADN  (ADN  is  also  a  new  chlorine  free  oxidizer,  studied  primarily  in  the  USA).  With 
regard  to  impact  and  friction  HNF  propellants  are  somewhat  more  sensitive  than  AP  or  AN 
propellants,  but  the  values  are  still  acceptable  for  practical  use.  With  regard  to  toxicity  detailed 
laboratory  investigations  were  made.  The  result  was  that  HNF  is  not  very  toxic  (comparable  to  RDX) 
and  can  be  used  in  the  chemical  process  with  normal  precautions.  Detailed  experiments  on 
compatibility  were  performed  and  showed  that  the  combination  HNF/Al/GAP  is  a  compatible 
system.  Compatibility  problems  were  only  observed  when  introducing  isocyanates,  commonly  used 
curing  agents  for  GAP.  Although  the  exact  mechanism  is  still  unknown,  the  incompatibility  is  caused 
by  a  competitive  reaction  between  binder  and  HNF  with  the  free  isocyanate  groups.  Development 
work  to  find  a  good  curing  system  identified  curing  agents  and  process  conditions  that  resulted  in  a 
cured  propellant  with  acceptable  properties  and  stability. 
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Table  3 

Performance  and  reaction  products  of  space  and  tactical  propellants  [Gadiot  et  al.] 


Property 

Conventional 

Advanced 

Conventional 

Advanced 

Space 

Space 

Tactical 

Tactical 

AP 

[%  by  weight] 

68 

_ 

82 

HNF 

[%  by  weight] 

- 

59 

__ 

85 

Al 

[%  by  weight] 

18 

21 

4 

__ 

HTPB 

[%  by  weight] 

14 

— 

14 

GAP 

[%  by  weight] 

__ 

20 

— 

15 

Pc 

[MPa] 

10 

10 

10 

10 

Ae/A: 

100 

100 

10 

10 

Tc 

[K] 

3378.09 

3818.68 

3016.02 

3365.54 

Isp 

[m/s] 

3096.6 

3287.8 

2498.2 

2710.0 

Ivac 

[m/s] 

3217.0 

3436.0 

2686.5 

2926.7 

CO 

[%  by  weight] 

27.05 

29.02 

17.60 

9.20 

C02 

[%  by  weight] 

3.88 

0.33 

19.03 

32.49 

HCl 

[%  by  weight] 

21.73 

26.37 

H2 

[%  by  weight] 

2.97 

2.87 

1.45 

0.36 

H2O 

[%  by  weight] 

3.94 

0.68 

21.20 

28.92 

N2 

[%  by  weight] 

5.37 

22.45 

6.51 

29.02 

AhOsCA) 

[%  by  weight] 

35.04 

44.66 

7.84 

— 

Table  4 

Comparison  of  properties  of  AN,  AP,  RDX  and  HNF 


Parameter 

AN 

AP 

RDX 

HNF 

ADN 

molecular  formula 

NH4NO3 

NH4CIO4 

C3H6N3(N02)3 

N2H5C(N02)3 

NH4N(N02)2 

molecular  weight,  kg/kmol 

80.04 

117.5 

222.1 

183.09 

124.06 

density,  kg/m^ 

1720 

1950 

1820 

1872 

1820 

heat  of  formation,  kJ/mol 

-365 

-296 

+70.7 

-72 

-150.6 

oxygen  balance,  % 

20.0 

34.0 

-21.6 

13.1 

25.8 

melting  point,  K 

443 

403 

477 

395 

363 

friction  sensitivity,  N 

353 

>  100 

120 

18-20 

__ 

impact  sensitivity,  Nm 

49 

15 

7.5 

2-3 

— 

toxicity-LDso,  mg/kg 

not  toxic 

not  toxic 

100 

128 

As  a  fourth  step  an  actual  propellant  was  manufactured  and  tested  to  demonstrate  the  expected 
increase  in  performance.  HNF  based  propellants  with  suitable  curing  behaviour,  expressed  by 
acceptable  mechanical  properties,  have  been  produced  for  Proof  of  Concept  (PoC)  testing,  and  were 
fired  in  a  laboratory  scale  burner.  Initial  HNF/Al/GAP  formulations  showed  a  pressure  exponent  of 
about  0.8  for  HNF/GAP  based  formulations  [Schoyer  et  al.],  with  a  burning  rate  of  64  mm/s  at 
1 0  MPa.  An  exponent  this  high  was  termed  unsuitable  for  PoC  testing  as  it  could  result  in  an  unstable 
test  situation  with  respect  to  operating  pressure.  The  introduction  of  a  suitable  burning  rate  modifier 
resulted  in  an  exponent  of  about  0.6,  with  a  burning  rate  of  40  mm/s  at  10  MPa,  which  is  suitable  for 
PoC  testing. 
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Theoretical  and  experimental  characteristic  velocities  (c*)  are  given  in  Figure  7,  showing  the 
improved  performance  of  the  HNF/Al/GAP  (59/21/20)  propellant  over  the  conventional 
AP/Al/HTPB,  (68/18/14)  propellant  for  space  applications.  With  the  HNF/Al/GAP  propellant,  the  c* 
values  increase  with  pressure,  probably  due  to  the  increase  in  the  residence  time  of  the  combustion 
products  in  the  combustion  chamber  with  increasing  pressure.  Residence  times  for  the  conventional 
propellant  are  three  times  higher  for  similar  conditions,  showing  the  good  combustion  efficiency  of 
the  HNF/Al/GAP  propellant. 


o 


A  AP  theory 
A  AP  Experiment 
O  HNF  theory 
•  HNF  Experiment 


Pressure  [MPa] 


Figure  7.  Theoretical  and  experimental  c*  values  for  HNF/Al/GAP  propellants 
compared  to  a  conventional  AP/Al/HTPB  propellant. 


As  a  fifth  step  is  foreseen  the  industrialization  of  an  advanced  composite  solid  propellant  based  on 
HNF  and  energetic  binders  and  metals  like  aluminium,  in  order  to  obtain  a  qualifiable  propellant. 


INDUSTRIALIZATION  OF  PROPELLANT  PRODUCTION  IN  THE  NETHERLANDS 

For  development,  verification,  testing  and  qualification  of  Ariane  5’s  Vulcain  engine  more  than 
2500  AN  based  propellant  grains  had  to  be  manufactured  up  to  1 995.  To  answer  the  need  for  a 
regular  production  of  these  propellant  grains  a  company  was  founded  by  TNO  in  1989.  This 
company,  Aerospace  Propulsion  Products  BV,  has  its  production  site  in  a  large  forested  area  near 
Hoogerheide,  the  Netherlands.  The  production  plant  encompasses  a  propellant  production  and  testing 
facility  covering  a  floor  surface  of  more  than  500  m^.  The  propellant  production  facility  is  equipped 
with  a  special  storage  room  for  raw  materials,  a  temperature  and  humidity  controlled  (the  relative 
humidity  is  kept  below  25%)  propellant  mixing  room  containing  a  50  kg  propellant  mixer  with 
casting  equipment,  and  a  propellant  curing  room.  The  propellant  testing  facility  comprises  equipment 
for  non-destructive  (ultrasonics  and  X-ray)  and  destmctive  (static  firing,  mechanical  properties) 
testing. 
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CONCLUSIONS 


In  the  last  decade  in  the  Netherlands  dual  use  of  defence  expertise  has  become  more  and  more 
important.  For  that  purpose  about  10  years  ago  propellant  technology  at  TNO-PML  was  also  aimed  at 
space  applications. 

Developmental  and  industrialization  efforts  have  been  successfully  completed.  Nowadays  an 
industrial  base  for  AN  and  HNF  technology  exists  in  the  Netherlands  and  a  big  shift  in  activities  at 
TNO-PML  for  the  civil  market  has  been  realized. 
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The  need  to  clean  and  low  cost  gas  generator  systems  for  the  use  to  inflate  the  ^rbags  in  ntotor 
vehicles  has  greatly  increased.  Aiming  to  avoid  the  disadvantages  of  solid  azide-  and  tetrazol- 
based  gas  gene  rants,  and  combinations  of  high  pressure  inert  gas  with  solid  propellants  to  be 
adapted  in  current  and  near-future  airbags,  this  investigation  has  t^n  carried  out  to  manage  to 
apply  water  solutions  of  stabilized  hydrogen  peroxide  from  55  to  60wt%  in  concentration  to 
the  combustors  to  be  integrated  in  airbag  module.  There  are  some  favorable  properties  with 
such  a  low  concentration  H2O2  solution:  azeotropic  behavior  to  suppress  the  freezing  point 

lower  than  233K,  no  hazard  of  causing  the  spontaneous  explosion  acddent  due  to  the  self- 
accelerated  decomposition  during  long  time  storage  in  confined  v^sd,  low  production  cost 
and  contribution  to  downsizing  of  the  modules.  First  of  all,  however,  it  must  be  stressed  that 
the  decomposition  products  of  H2O2  emitted  from  airbags  into  the  environment  are  only  dean 

oxygen,  water  haze  and  dry  vapor. 

This  paper  reports  the  achievement  of  successfully  combusting  simple  H2O2  solution  and 
hybrid  propellant  consisting  of  H2O2  solution  of  achievement  in  the  practical  application  of  the 
combustors  loading  simple  H2O2  solution  combined  with  pressurized  oxygen  to  inflate  airbags 

for  passenger  cars.  In  order  to  acquire  the  design  data  a  series  of  investigation  was  conducted 
by  means  of  heavy  wall  combustors  to  develop  the  starter  for  realizing  the  H2O2 

decomposition  at  the  designatol  time  sequence,  and  developed  a  two  stage  injection  method 
which  pours  the  incandescent  combustion  products  into  H2O2  solution.  At  the  cwent  of 

collision  the  initiator  should  start,  followed  by  firing  the  main  booster.  The  initiator  is  the 
B/KNQ3  pyrotechnic  granules  and  pellets,  catalyst  powder  and  the  booster  is  the  pyrotedmics 

pxDwder  and  highly  energetic  material.  The  total  amount  is  approximately  B'-Tg.  The 
combustor  is  divided  to  a  primary  reaction  chamber  in  which  gas  gene  rant  cartridge  is  placed 
and  a  secondary  decomposition  chamber  putting  the  catalyst  net  for  completing  H2O2 

decomposition.  The  experimental  gas  generator  sy^ems  have  proved  to  be  capable  of  meeting 
the  strict  safety  and  environment  standards  and  of  corresponding  to  the  time  budget,  which  are 
requested  in  the  deployment  procedure  items  for  60  and  150  liter  airbags  at  the  temperature 
from  233  to  363K  specified  by  Japanese  Industrial  Standards. 

1.  Introduction 

The  very  popular  airbag  systems  are  fast  becoming  the  standard  installations  in  passenger  cars. 
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At  the  beginning  of  the  21st  century,  any  protection  system  for  car  occupant  safety  will  not 
only  be  limited  to  the  airbags,  they  shall  almost  become  mandatory  requirements  to  protect 
against  injuries  to  vital  human  body  locations  in  collision  accidents.  Airbags  have  already 
demonstrated  positively  to  be  capable  of  protecting  the  car  occupants.  Presently,  there  are 
three  types  of  gas  generators  being  employed  for  this  purpose  [l  ]  . 

The  first  generation  of  the  gas  generant  is  the  consolidated  pellets  or  thin  wafers  of  a 
mixture  of  sodium  azide  and  oxidizers  which  the  present  airbag  modules  employ  mostly. 
However,  this  gas  generant  contains  unfavorable  combustion  products  in  the  emission, 
particularly  sodium  oxide  and  sodium  hydroxide  to  react  with  air.  Furthermore,  a  number  of 
incidents  have  occurred  in  the  various  stages  of  production  of  this  type  of  propellants.  The 
hazard  properties  of  these  materials  are  still  not  fully  understood.  The  search  for  other 
chemicals  to  replace  sodium  azide  have  become  an  urgent  target  in  the  airbag  industry. 

In  order  to  satisfy  this  target  requirement,  tetrazoles  and  other  organic  compounds 
containing  a  high  percentage  of  nitrogen  are  being  developed  as  the  second  generation  solid 
gas  generant  for  airbags.  Although  these  gas  gene  rants  may  contribute  to  the  size  reduction 
and  higher  performance  of  gas  generators,  there  still  exist  some  disadvantages  such  as 
inclusion  of  cyan  compounds,  nitrogen  oxides  and  carbon  monoxide  in  combustion  products 
and  too  high  combustion  tempieraUires.  Particularly,  for  the  airbags  more  than  120  liter  in 
capacity  the  emission  amount  of  such  toxic  gases  shall  deviate  from  the  acceptable  limit 

The  third  generation  of  airbag  inflator  is  based  on  the  dispensation  of  nitrogen  or  other 
inert  gas  from  high  pressure  vessels.  For  the  reduction  in  temperature  due  to  adiabatic 
expansion,  13~15g  of  solid  propellant  must  be  combusted  in  the  inflator  at  the  instant  of  event 
occurrence.  An  electric  circuit  and  a  mechanical  device  are  installed  in  the  bomb  for  quick  gas 
port  opening.  At  present  many  car  manufacturers  are  introducing  this  type  of  inflatore. 
Significant  reduction  of  inflator  weight  and  size,  however,  is  too  high  a  bamer  to  overcome  in 
this  system. 

Brede  [2]  first  presented  a  gas  generator  using  a  liquid  triple-propellant  composed  of 
butane,  dinitrogen  monoxide  and  carbon  dioxide.  Regretfully,  this  combination  must  be 
operated  at  very  high  pressures  over  lOOMRa  and  has  a  difficulty  on  the  control  of  mass 
exhaust  rate.  It  does  not  seems  such  a  gas  generant  might  liberate  us  from  a  pressure  of  the  car 
maker  on  cost  reduction  and  clean  gas  emission. 

This  paper  reports  a  successful  development  of  new  automotive  airbag  systems  using 
50~60wt%  water  solution  of  hydrogen  peroxide  following  the  previous  work  [3]  ,  This 
systems  can  meet  the  time  budget  imposed  by  car  makers  at  a  wide  environment  temperature 
region,  233-373K.  For  example,  the  60wt%  water  solution  of  hydrogen  peroxide  has  a 
potential  to  generate  1.06  mole  oxygen  and  4.78  mole  dry  water  vapor  per  100  ml.  The 
concentration  is  in  a  safety  composition  free  of  self-heating  possibility,  being  lower  than  64.5 
wt%,  as  shown  in  Fig.  1.  Therefore,  neither  explosion  hazard  nor  rapid  pressure  elevation  in  a 
container  should  take  place.  Car  production  industries  impose  us  the  long  term  stabihty,  10 
to  15  years,  on  the  aging  property  of  airbag  gas  generant  So  far,  it  has  been  generally  believed 
that  the  use  of  hydrogen  peroxide  as  gas  generant  for  airbag  inflation  is  hopeless  venture  in 
practice  because  of  the  intrinsic  property  of  the  high  spontaneous  decomposition  rate. 
However,  addition  of  a  stabilizer  to  water  solution  of  H2O2  fluorohydrocarbon  polymer 

coated  container  on  the  inner  surface  could  promise  a  high  stability  over  10  years. 
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2,  Gas  generant 

Stabilized  60wt%  water  solution  of  H2O2  has  been  supplied  by  Mitsubishi  Gas  Chemical 
Industries  Co.  Tlie  freezing-  and  boiling  point  of  water  solution  of  H2O2  in  55~60wt%  in 

concentration  are  fortunately  outside  of  the  operation  temperature  zone(233K'-363K)  spedfied 
by  car  makers  as  shown  in  Fig.  1.  However,  the  most  serious  problem  of  H2O2  is  the  stability 

at  high  temperatures  and  aging  property. 

Table  1  demonstrates  the  aging  detoioration  in  H2O2  concentration  before  and  afta-  the  test 
sample  was  maintained  for  500  h  at  383K. 


Table  1  An  Acceleration  Aging  Test  Result 


Stabilizer  Content 
(ppm) 

Initial  H2O2  Content 
iwt%) 

Final  H2O2  Content 
(¥t%) 

Deterioration 

(wt%) 

100 

60.15 

58.96 

1.19 

100 

60.28 

59.02 

1.26 

50 

60.15 

59.  04 

1.11 

50 

60.28 

59.17 

1.11 
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The  selection  of  a  suitable  stabilizer  gives  an  solution  for  the  most  serious  problem  of  the  poor 
stability  inherent  to  HjO.  The  performance  test  suggested  the  allowable  deterioration  is  5wt  %. 

This  acceptable  limit  would  be  reduced  down  to  50wt  %  if  combined  to  a  hybrid  system  that 

the  pressurized  gas  can  participate  a  role  for  airbag  inflation. 

Figure  2  shows  another  H2O2  advantage  of  low  concentration  H2O2.  There  is  no 

apprehension  that  explosion  hazard  may  take  place  due  to  self-heating  decomposition  during 
storage.  As  the  gas  generant  is  loaded  in  a  confined  container,  the  concentration  shall  not  be 
increased  to  a  boundary  line  64.5wt%  over  which  the  self-heating  is  accelerated  once  the 
spiontaneous  decomposition  starts  at  the  rate  to  a  level. 


Figure  2.  Temperature  and  composition  of  the  decomposition  products  of  the  mixture  of 
H2O2  andH20. 


3.  Combustors  . 

We  prepared  two  different  combustors  with  capacities  to  inflate  60  and  150  liter  s  airbags 
respectively  as  shown  in  Figs.  3  and  4.  One  is  a  heavy  wall  combustor  for  investigating  the 
fundamental  design  parameters  and  it  can  be  incorporated  into  both  the  dnver-  and  passenger- 
side  module.  The  reactors  divided  into  two  chambers  by  a  partition  with  2nun  dia.^ur 
nozzles  in  order  to  complete  H2O2  decomposition.  Also,  an  idea  of  two  stage  igniUon  has  been 

proposed  concerning  the  starter  design. 

Another  is  a  prototype  combustor  developed  for  passenger-side  airbag(150  liters)  module. 
We  have  conducted  environment  test,  putting  special  emphasis  on  the  preservation  of 
performance  by  minimizing  the  effect  of  ambient  temperatures,  to  determine  the  capacities  of 
the  primary  and  secondary  reactor  chambers,  the  loading  of  the  60wt  %  H2O2  solution,  the 

void  volume  in  the  primary  chamber,  and  the  composition  of  starter  ingredients. 
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It  is  well  known  that  the  heat  of  decomposition  of  H2O2  is 

H202-"H20  +  H  O2  +  98. 16kJ  ( i) 

The  starter  ingredients  and  quantity  were  calculated,  based  on  Eq.(2)  so  that  the  liquid  phase 
is  maintained  in  the  primary  reactor  and  the  exhaust  water  becomes  dry  vapor  by  setting  the 
maximum  temperature(  Jf )  of  50O^S)K  which  may  be  obtained  from  the  initial 
temperature(  Ti)  in  the  primary  chamber. 

A  Hr  Mr  A  Hi  Mi  =  i m;  (H?;'- H?;*)  (2) 

where  Mr  ,  Mi  and  mJ  are  the  loaded  mass  of  hydrogen  peroxide  solution,  J-th 
starter  component  and  A:-th  reaction  products,  A  Hr  and  A  Hi  are  the  heat  of  reaction 
of  hydrogen  peroxide  and  y-th  starts  component,  and  hJ;*  is  the  heat  content  per 
unit  mass  at  the  initial  and  final  temperature,  respectively.  The  exothemaicity  of  the  starter 
was  determined  from  a  case  at  237K  initial  condition. 

The  two  phase  flow  composed  of  superheated  liquid  water  and  gas^xis  oxygoti  injected  to 
the  secondary  reactor  through  the  nozzle.  Herein,  unreacted  reactant  is  converted  to  water 
and  oxygen  while  it  passes  the  KMnCU  attached  copper  net.  In  tfie  primary  reactor  the  state  of 
superheated  water  in  the  reaction  products  is  beyond  the  critical  pr^sure(22.12MPh)  but  the 
maximum  temperature  may  be  in  the  vicinity  of  the  critical  temfKrature(647.3K).  It  depends 
upon  the  initial  temperature,  starter  intensity  and  loading  weight  of  gas  gcneranL 


Air  Bag 


Figure  3.  Versatile  heavy  wall  combustor  for  developing  both  driver-  and 
passenger(fellow  driver)-side  airbag  module. 
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Catalyst  Net 


Rgure  4.  Prototype  P-side  combustor. 

By  assuming  that  the  discharge  gas  must  exceed  the  boiling  point  of  water,  the  amount  of 
gas  gene  rant  and  starter  ingredients  are  determined  to  bring  the  dry  water  vapKjr  and  oxygen 
into  the  airbags  under  a  wide  range  of  ambient  temperatures.  Automobile  industries  have 
very  demanding  specifications  that  airbags  must  inflate  completely  in  233-363K.  Both  the 
driver-  and  passenger-side  combustors  were  designed  to  produce  dry  water  vapor  with  an 
exhaust  temperature  of  423K  at  150  and  250kPa  starting  from  an  initial  temperature  of  243K. 

For  a  passenger-side  inflator  a  llOml  of  cartridge  loaded  with  SO^lOOml  of  liquid  gas 
generant  is  set  in  the  primary  combustor  in  which  approximately  180ml  of  void  space  remains. 
Once  pyrotechnic  powders (3'^7g)  ignite,  a  needle  penetrates  into  the  cartndge  with  a  very  high 
force  and  introduce  the  incandescent  particles  of  metal  oxides  and  hot  gases  therein.  For  the 
starter  of  driver-side  combustor,  KMn04  powder  is  included  in  the  starter  beside  the 
pyrotechnic  ingredients. 
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4.  Tuning  to  the  time  budget  required  for  airbag  inflation 

The  performance  and  suitability  of  the  combustor  as  an  airbag  module  was  evaluated  based 
on  60  liter  constant  volume  tank  tests.  Figures  5  and  6  indicate  the  tuning  zones  to  meet  the 
movement  of  occupant  during  crash  accident  for  both  the  driver-  and  passenger-side  airbag 
modules.  Nou'adays,  however,  every  car  maker  sets  up  different  acceptable  tuning  zone  for 
different  car  category,  dimension  and  CTadi  shock  transmitting  aspect  inherent  to  the  car 
structure.  Therefore,  commercially  available  airbag  system  is  shifting  to  acceptable  tuning 
zone  far  narrower  than  that  shown  in  Figs.  5  and  6.  The  allocation  of  every  event  time  during 
an  airbag  deployment  sequence  with  this  system  is:  0~15ms  for  crash  sensing,  squib  ignition 
and  cartridge  lid  perforation.  The  driver-side  airbag(60  liter)  and  passenga--side  airbag(150 
liter)  must  inflate  fully  in  45-60msand  70~100ms  respectively.  At  the  rebound  of  occupant  at 
60~  130ms,  airbags  must  remain  fully  inflated  followed  by  a  rapid  deflation. 


Figure  5.  Tuning  zone  requested  for  D-side  combustor  in  the  range  from 
233~373K. 


Figure  6.  Tuning  zone  requested  for  P-side  combustor  in  the  range  from  233~363K. 
Temperature- time  history  of  the  reacted  products  of  60wt%  H2O2 
solution  with  the  heavy  wail  combustor. 
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In  the  primary  reaction  chamber,  superheated  water  of  the  reaction  product  is  at  a  liquid 
state,  being  over  the  critical  pressure(22.lMF^)  and  less  than  the  critical  temperature(647K)  as 
shown  in  Fig.7.  This  suggests  that  adequate  design,  particularly  the  choices  of  all  the  reaction 
chamber  dimensions  in  the  combustor  is  an  important  issue  in  order  to  eliminate  over-pressure 
in  practice. 

As  shown  in  Figs.  8,  9  and  10,  the  pressure-time  of  the  gaseous  products  discharged  from  a 
passenger-side  combustor  in  60  liter  tank  tests  carried  out  at  the  low  and  high  temperatures, 
can  pass  the  tuning  zone  in  Fig.  5.  Tuning  to  the  required  time  budget  at  driver-side  airbag 
system  can  be  accomplished  easier.  In  this  case,  the  decomposition  rate  of  60wt%  H2O2  which 
is  initiated  with  a  mixture  of  pyrotechnic  powder  and  catalyst  is  sufficiently  fast  to  pass  the 
tuning  zone  shown  in  Fig.  6.  Therefore,  neither  particular  modification  in  term  of  combustor 
design  nor  investigation  of  starter  ingredients  is  required  for  controlling  the  decomposition 
rate. 
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Figure  7.  Phase  diagram  showing  water  properties  in  the  primary  reaction 
chamber  and  at  the  exit  of  the  combustor 
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Figure  8.  A  Sixty  liter  tank  test  at  room  temperature(295K)  in  P-side  coml 
Sample:  60wt%  H2O2  100ml. 


Figure  9.  A  sixty  liter  tank  test  at  high  ambient  temperature(363K)  in  P-side 
combustor.  Sample:  60wt%  H2O2  l(X)mL 
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Figure  10.  A  sixty  liter  tank  test  at  low  temperature(243K). 
Sample:  60wt%  H2O2  lOOml. 


5.  Hybrid  type  combustor 

In  automotive  air  bag  applications,  the  hydrogen  peroxide  gas  generator  must  have  a  void 
space  in  a  primary  chamber.  Passenger-side  combustor  has  a  volume  nearly  twice  that  of  the 
gas  generant  liquid.  The  exhaust  gases  should  be  choked  at  the  diffuser  for  a  passenger-side 
combustor  system.  Other«'ise,  at  high  ambient  temperatures  the  peak  pressure  in  operation 
might  exceed  50MP^  that  we  set  as  an  upper  limit.  Figure  11  shows  the  introduction  of 
2MP^  oxygen  into  the  void  space  produces  an  increase  in  the  peak  pressure  less  than  2%. 


Figure  11.  A  sixty  liter  tank  test  for  hybrid  type  D-side  combustor  at  room 
temperature(295K) . 

Sample:  60wt%  H2O2  70ml  pressurized  gas,  O2,  2MPa. 
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However,  the  void  space  pressurization  should  contribute  to  resist  against  cartridge  can 
breaking  by  making  a  pressure  balance  between  the  inside  and  outside  of  cartridge,  even  if 
H2O2  decomposition  proceeds  by  several  percent  during  a  long  time  storage.  The  void  space 
volume  required  for  driver- side  combustor  is  30-50%  of  a  cartridge  since  no  choking  is 
needed  atlhe  diffuser  of  the  secondary  reaction  chamber. 

6.  Concluding  remarks 

The  hydrogen  peroxide  airbag  system  produces  clean  gases  as  the  main  reaction  products 
that  are  dry'  H2O2  vapor  and  oxygen.  It  was  noted  the  dry  H2O2  vapor  condenses  partially  in 
the  airbag  and  may  play  a  role  to  prevent  px)lyamide-fiber-made  airbags  from  catching  fire. 

The  amount  of  60  wt  %  H2O2  solution  is  45-70mI  and  80-100ml  for  the  driver-side  and 
passenger-side  airbag  modules  respectively.  The  dimension  of  driver-ride  combustor  may 
satisfy  the  need  of  down-size  and  cost  reducing.  However,  passenger-side  combustors  have 
dimension  similar  to  the  present  combustor  loading  sodium  azide  or  tetrazol  type  solid  gas 
gene  rant  though  cost  reduction  can  be  achieved  We  are  continuing  further  investigation  on 
the  performance  improvement  in  the  application  of  55-60wt%  water  solution  of  H2O2  to  new 
airbag  system  as  well  as  the  fundamental  research. 

References 

1.  Karlow,  James  P.,  Jakovski,  J.  John,  and  Seymour,  B.  "Development  of  a  New' 
Downsized  Airbag  System  for  Use  in  Passenger  Vehicles"  1994,  Presented  SAE 
International  Congress  and  Exposition 

2.  Brede,  U.  "Liquid  Propellant  Inflators"  1994,  Presented  at  the  2nd  International 
Conference  on  Car  Airbag  Systems",  Paper  No.13,  Karlsruhe,  Germany 

3.  Tsujikado,  N.,  Saitoh,  T,,  Iwama,  A.,  and  Kazumi,  T.  A“  Hybrid  Gas  Generator  Using 
Low  Concentration  Hydrogen  Peroxide  Solution  for  Inflating  Car  Airbags",  1995, 
Presented  at  26th  International  Annual  Conference  of  ICT,  Paper  No.  6,  Karlsruhe, 
Germany 


452 


Future  Trends  in  Gas  Generator  Systems 
H.  Schubert  and  H.  Schmid 
Fraunhofer  Institut  fiir  Chemische  Technologic  (ICT) 


1.  Introduction 

Gas  generator  systems  are  small  aggregates  for  the  single  generating  of  working  gas  over  relatively  short  periods.  This 
working  gas  has  different  functions  depending  on  the  field  of  application.  In  contrast  to  rocket  propulsion  the  gases  do 
not  escape  with  supersonic  speed  into  the  atmosphere  for  the  generation  of  thrust,  but  gas  generating  takes  place  at  low 
temperatures  at  subsonic  speed. 

The  first  solid  fuels  for  such  gas  generators  have  been  produced  on  the  basis  of  single-,  double-  and  triple  base  solid 
propellants  for  guns  and  rockets.  For  this  reason  they  have  been  applied  mainly  in  military  fields.  They  have  also  been 
used  in  the  military  and  civil  space  technology  for  auxiliary  devices  in  space  rockets  or  for  the  stabilization  of  satellites. 
Apart  from  small  charges  for  starting  piston  engines  the  civil  use  of  gas  generators  began  only  a  few  decades  ago  with 
the  increasing  application  of  airbags.  This  development  has  been  the  reason  for  producing  gas  generators  of  very 
different  constructions  for  a  large  variety  of  applications.  The  gas  generator  system  is  a  good  example  for  conversion 
from  military  into  civil  fields. 

Based  on  the  state  of  technology  the  following  contribution  should  demonstrate  potentials  in  research  and  trends  in 
developments  and  may  also  cause  future  innovations. 

2.  Areas  of  Application 

2.1  Airbag  Systems 

Nowadays  airbag  systems  become  extremely  popular  in  the  automotive  market.  Almost  all  automobile  manufacturers 
offer  them,  either  as  an  extra  or  as  standard  accessory.  The  predicted  growth  rates  are  enormous  (Fig.  1).  Airbag 
systems  have  passed  their  first  crucial  test:  they  work  in  practice  and  in  large  numbers  as  part  of  a  comprehensive 
concept  of  occupant  security.  Airbag  systems  are  basically  comprised  of  gas  generators  in  a  pressure  casing  that  has  an 
opening  and  triggering  mechanism.  The  terminology  is  currently  being  worked  out  by  ISO  (Fig.  2).  Following  this 
terminology  the  paper  deals  only  with  the  inflator  assembly  and  its  components.  The  function  of  the  gas  inflator  is  the 
production  of  working  gas  to  blow  up  the  bag  during  a  crash  of  an  automobile  to  protect  the  occupant  against  impact.  In 
practice  we  have  to  consider  various  crash  situations  belonging  to  the  direction  and  energy  of  forces  and  the  position  and 
weight  of  the  occupant.  Therefore  we  distinguish  between  different  types  of  airbag  systems  (front,  side,  head  etc.)  and 
according  to  the  forces  produced  by  the  crash,  position  and  weight  of  the  occupant  an  adjustable  sensor  with  a 
diagnostic  module. 

Wearing  seat  belts,  the  airbag  should  not  work  if  the  speed  difference  will  be  only  10-20  km/h.  On  the  other  hand  a 
trend  is  to  be  observed  that  according  to  the  different  crash  situations  the  pressure-time  curve  of  the  inflator  can  be 
changed,  caused  by  different  construction  elements  of  the  inflator  assembly.  The  knowledge  of  interior  ballistics  of  guns 
has  contributed  to  this  possibility  for  instance,  the  different  charges  of  a  howitzer. 

The  application  of  airbags  outside  the  automobile  to  avoid  a  crash  situation  just  before  a  collision  may  be  a  vison  for  the 
future.  The  function  of  such  airbags  has  to  be  adapted  according  to  the  effective  forces  and  very  high  demands  are 
required  of  the  sensors. 

Beside  the  airbags  for  occupant  protection  systems  in  automobiles,  protecting  devices  for  motor-cyclists  may  be 
conceivable.  Other  applications  of  gas  generator  systems  should  be  mentioned  in  this  context.  For  instance,  the  large 
numbers  of  devices  to  inflate  bags  for  rubber  dinghies,  dampers  for  release  mechanisms,  etc.  are  a  few  examples. 

The  technical  demands  for  such  gas  generator  systems  are  in  average  not  so  high  as  in  the  airbag  systems. 
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2.2  Gas  generators  for  the  function  mechanical  devices. 

Gas  generators  can  also  be  used  for  starting  up  turbines,  for  the  pressure  generation  of  liquids,  activation  of  mecb^al 
devices.  In  this  field  belongs  also  the  retr^ting  device  for  the  safety  belt  in  the  automobile.  An  interesting  variant  for  the 
application  of  gas  generators  is  an  improved  trsKtion  of  the  tyres,  which  may  be  achieved  by  short-term  blowing  away  of 
the  water  film  in  case  of  aquaplaning  or  by  scattering  sand  before  the  tyres  in  case  of  icy  roads. 

2.3  Fire  extinguishing 

In  the  area  of  fu-e  extingui^ing  systems  gas  generators  are  used  which  cm  be  operated  with  formulations  without  the 
ecologically  harmful  haions. 

2.4  Suppresion  of  gas  and  dust  explosions 

With  the  aid  of  gas  generators,  large  volume  of  inert  gas  be  introduced  mto  deflagrating  gas  clouds  to  avoid  dangerous 
reactions. 

3.  General  technical  requirements 

Because  of  the  close  contact  to  the  vehicle  passenger  the  requirements  on  inflators  for  airtiag  systems  arc  most  severe 
compared  with  other  applications. 

The  following  requirements  should  be  met  by  a  gas  inflator  for  airbags: 

Low  combustiem  temperature  (=/<  1750  K) 

Low  gas-pollutant  concentration  (CO,  NO) 

High  specific  gas  volume  (=/>  14moI/kg) 

Appropriate  and  reproducible  pressure-time  curves  (short-term  Pmax) 

Wide  temperature-function  range 

Resistance  against  diermal  and  mechanical  environmental  influences 

Non-poisonous  source  materials 

Low  production  cost 

Long  life  and  high  reliability 

Disposal  with  minimal  envircmmcntal  impacts. 

Today  these  requirements  can  be  more  or  less  fulfilled.  The  problem  lies  in  finding  the  optimal  combination  for  the 
desired  function. 

In  general,  it  is  desired  to  have  future  gas  inflator  systems  that  are  smaller,  lighter  and  cheaper  while  satisfying  all  the 
other  requirements. 

Parallel  to  this,  low  limits  are  assumed  for  the  toxicity  of  gases  in  the  vehicle  passenger  compartaient,  especially  for: 

CO:  <  1 000  ppm  (in  relation  to  a  50-liter  test  attnosphere) 

NO  <  1 50  ppm  (in  relation  to  a  60-liter  test  aUnosphere) 

With  regard  to  the  dilution  effect  in  a  passenger  compartment  (apjwox.  3000  I)  compared  to  the  new  VDI  proposal 
„Maximal  Emission  Concentration”,  these  numbers  appe^  very  conservative.  The  hourly  average  value  is  25  p^m.  Tlie 
short-term  CO  peak  value  should  not  exceed  300  ppm.  Since  the  respective  circumstances  vary  in  an  „evenf it  is  better 
to  strive  for  the  average  values  as  limits.  Looking  at  things  this  way,  the  air  a  smoker  breathes  with  a  maximum  of  50 
ppm  even  seems  toxic. 

These  general  technical  requirements  demand  the  optimal  generation  of  gas,  on  the  one  hand,  and  a  low  combustion 
temperature  and  a  low  CO-NOx  pollutant  concentration,  on  the  other  hand.  At  this  point,  Ae  development  of  NOx  plays 
a  subordinate  sole  in  comparison  to  the  CO  problematic,  as  long  as  one  maintains  a  balanced  oxygen  equilibrium. 

In  Figure  3,  the  general  technical  requirements  can  be  roughly  assigned  to  the  different  applications  considered  here. 
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4.  Compositions  and  characteristics 

One  must  differentiate  between  gas  inflator  assemblies  for  the  passenger  compartment  and  for  external  use. 

4.1  Gas  inflator  assemblies  for  the  passenger  compartment 

4.1.1  Solid  fuel  gas  inflator  assemblies 

For  optimizing  solid-fuel  gas  inflator  assemblies  the  following  options  are  available: 

Choice  of  nitrogen-containing  compounds 
Choice  of  suitable  oxidations 
Variation  of  the  oxygen  balance 
Utilization  of  coolants 
Utilization  of  catalysts. 

Up  to  now,  the  most  important  development  for  airbag  inflators  is  based  on  the  carbon  free  system  of  sodium  azide  and 
various  oxidizers  which  produces  nitrogen  gas  for  this  purpose.  However,  the  generation  of  alkaline  particles  presents  a 
disadvantage,  although  the  latter  can  be  reduced  through  the  formation  of  slag.  A  second  disadvantage  is  connected  with 
the  disposal  problem  of  the  inflator  assemblies  which  contain  toxic  sodium  azide.  For  these  reasons,  other  systems  are  in 
development  which  are  rich  in  nitrogen  but  include  compounds  containing  a  small  quantity  of  organic  carbon.  Chemical 
compounds,  such  as  TAGN,  NIGU,  ATZ,  GZT,  etc.  (Fig.  4),  which  are  transformed  with  suitable  oxidizers,  offer  an 
option.  However,  the  price  is  an  undesirable  concentration  of  CO,C02  and  NOx,  which  may  be  decreased  by  varying  the 
temperature  or  by  catalysts  (Fig.  5). 

4.1.2  Liquid  fuel  inflator  assemblies 

Through  the  application  of  liquid  fuels  as  gas  inflators,  one  might  have  the  opportunity  to  take  advantage  of  carbon-free 
compounds  which  even  transform  themselves  into  working  atmospheres  without  leaving  any  residues.  Systems  and 
technologies  originating  in  the  aerospace  field  as  well  as  examples  from  defense  technology  development  exist. 

Systems  consisting  of  hydrazine  nitrate,  compounds  including  hydroxyl  ammonium  nitrate  (HAN)  and  hydrogen  peroxid 
are  some  of  the  examples.  However,  one  creates  a  different  drawback,  for  instance,  an  additional  transport  device  and 
problems  of  long-term  stability.  Nonetheless,  one  should  not  exclude  a  practical  application  from  the  start. 

4.1.3  Hybrid  gas  inflator  assemblies 

Systems  of  pressurized  gases  (e.g.  air,  nitrogen,  argon)  in  pressure-vessels  that,  by  opening  a  rupturable  membrane, 
stream  into  the  airbag  are  regarded  as  hybrid  gas  generators.  A  two-step  pyrotechnic  charge  opens  the  membrane  and 
heats  the  working  atmosphere.  Through  this  process,  the  cooling  of  the  expanding  gases  is  compensated  or  even 
overcompensated.  One  can  design  the  amount  of  pyrotechnic  charge,  so  that  the  developing  carbon  monoxide  does  not 
exceed  the  working  atmosphere  limit  of  1000  ppm. 

The  greater  weight  created  by  the  pressure  bomb  that  must  meet  the  pressure-vessel  regulation,  is  the  disadvantage  of 
this  version. 

Systems  like  these  have  already  been  realized. 

4.2  Gas  inflator  assemblies  for  external  use 

If  one  is  not  restricted  by  the  CO  concentration  problem,  then  a  realm  of  different  propellant  systems  is  opened  to  the 
inflator  designer.  Based  on  the  present  state  of  Imowledge,  solid  fiiel  inflators  are  generally  preferred.  Propellant  charges 
based  on  nitro-cellulose  and  composite  types  such  as  ammonium  nitrate  and  HTPB  based  propellants  with  or  without 
plasticizers  can  be  used.  Other  propellants  types  with  the  addition  of  nitroguanidine  and  derivatives  are  other 
possibilities. 

Since  a  phase  stabilized  spherical  ammonium  nitrate  and  spherical  nitroguanidine  is  now  available,  most  of  the 
difficulties  to  use  these  propellant  types  are  now  overcome. 

In  this  case,  one  will  refer  to  developments  and  experiences  in  defense  technology.  Optimal  adaptation  for  the  specific 
application  at  the  best  possible  price  will  have  priority. 
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5.  Handling  and  operational  safety 

The  electronic  equipment  in  modem  devices  makes  possible  the  monitoring  of  the  operational  safety  of  the  individual 
systems.  In  most  cases,  safety  is  dependent  on  the  foregoing  life  cycle,  therefore  on  the  experienced  environmental 
impacts  121 .  The  most  important  of  these  are  the  mechanical  (shock  and  vibration)  and  thermal  impacts  on  the  gas 
inflator  assemblies.  Gas  inflator  assemblies  are  energetic  systems  and  consequently  their  life  is  limited.  Known 
temperature  stress  and  aging  mechanisms  would  make  it  possible  to  have  an  indicator  that  warned  of  the  end  of  a 
thermally-dependent  operating  life. 

The  presence  of  moisture  reduces  the  operational  safety  of  pyrotechnic  and  gas  inflator  generators.  Coisequently,  an  air¬ 
tight  isolation  from  the  outer-atmosphere  is  a  basic  requirement. 


6,  Disposal 

Comparing  the  production  numbers  of  airbags  in  the  future  to  other  applications  of  gas  generators,  the  airbag  will  play  a 
dominant  role  also  in  the  field  of  the  disposal. 

In  the  year  2000, an  estimated  70  million  airbag  units  will  be  produced  worldwide.  Therefore,  future  closed-loop 
economies  will  also  demand  concepts  for  the  disposal  or  recycling  of  these  safety  systems  in  ways  that  create  as  few 
environmental  impacts  as  possible  and/or  practical.  To  meet  these  demands,  technical  concepts  need  to  be  developed 
and  responsibilities  for  disposal  allocated. 

7.  Conclusion 

•  Inflators  and  especially  airbag  systems  are  a  typical  conversion  product  of  the  defence  industry. 

•  The  use  of  inflators  in  airbag  systems  plays  a  domin^t  role  compared  with  all  other  applications  now  and  in  tiie  near 
future. 

•  Airbag  systems  have  become  an  integrated  part  of  the  automobile  safety  management. 

•  Today’s  airbag-systems  function  properly  but  they  arc  still  representing  the  first  phase  of  a  technological 
development. 

•  Smart  systems  will  dominate  the  future  tailored  to  a  specific  type  of  crash  and  its  severity,  to  a  specific  position  of 
car  occupants,  to  a  specific  safety  management  of  a  car. 

•  The  development  and  great  success  of  the  airbag-system  has  given  impulses  to  create  other  applications  of  inflator 
assemblies. 

•  Applied  R  and  D  will  provide  tailored  solutions. 
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UTILIZATION  OF  PROPELLANTS 

FOR  INFLATOR  AND  BELT  RESTRAINT  SYSTEMS 


FRED  VOLK 

Fraunhofer  Institut  fur  Chemische  Technologic  (ICT) 
D-76327  Pfmztal 


L  Abstract 

In  the  past,  most  airbag  gas  generators  for  inflator  systems  were  based  on 
sodium  azide  (NaNs)  containing  propellants.  But  in  tlie  meantime  also  azide-free 
propellants  are  being  used  such  as  nitrocellulose  (NC)  containing  systems  and 
double  base  propellants  (Eurobag-gasgenerator). 

At  tlie  Fraunhofer  Institute  in  Pfinztal  many  investigations  have  been 
conducted  for  the  qualification  of  different  gas  generators.  In  this  connection, 
safety  aspects,  internal  ballistics  behavior,  stability  and  life  time  of  the 
propellants  have  been  measured  as  well  as  the  reaction  products  in  order  to  find 
out  the  toxicity  of  the  products. 

The  results  of  these  investigations  will  be  discussed  in  tliis  paper. 


2.  Introduction 

A  gas  generator  propellant  for  air  bags  and  belt  restraint  systems  must  fulfill  the 

following  requirements: 

•  capability  of  a  very  fast  reaction  of  tlie  propellant  after  ignition  connected  with  the 
formation  of  a  large  enough  gas  volume, 

•  the  gaseous  and  solid  reaction  products  formed  during  the  combustion  should  be 
characterized  by  a  very  low  toxicity, 

•  the  handling  of  the  propellant  should  be  without  problems;  this  means  the 
sensitivity  to  impact,  to  friction  and  to  heat  should  not  be  dangerous, 

•  the  propellant  should  exhibit  a  good  thermal  stability  and  a  long  life  time, 

•  a  disposal  of  the  gas  generator  propellant  should  be  compatible  to  the 
environment. 
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Most  of  the  gas  generator  propellants  being  used  today  are  based  on  sodium  azide  as 
a  mam  propellant.  As  oxidizers  usually 

•  potassium  nitrate  (KNO3) 

•  sodium  nitrate  (NaNOs) 

•  molybdenum  disulfide  (M0S2) 

•  copper  oxide  (CuO) 

•  iron  oxide  (FeaOs)  etc. 
come  into  consideration. 

Since  about  5  years  also  propellants  consisting  of  nitrate  esters,  such  as 
nitrocellulose,  have  been  used  for  air  bags,  although  components  of  this  kind  are 
contained  in  propellants  for  belt  restraint  systems  for  many  years. 

In  this  paper,  testing  methods  are  described  for  a  better  qualification  of  gas 
generator  propellants.  In  this  connection,  not  only  the  reaction  behavior  of  different 
propellants  will  be  discussed.  Also  the  influence  of  different  parameters  such  as 
impact,  friction,  heat  and  humidity  onto  the  propellant  will  be  described  by  testing  a 
typical  gas  generator  propellant. 


3.  Reaction  behavior  of  components  and  propellants  of  air  bag  systems 

The^basic  substance  of  most  gas  generators  is  sodium  azide  (NaNs).  It  decomposes  at 
275°  C  in  vacuum  forming  sodium  (Na)  and  nitrogen  (N2): 

NaNs - >  Na+1,5N2;  AH  =  -.21,4kJ 

It  reacts  more  easily  by  mixing  with  an  oxidizer: 

1)  2  NaNs  +  CuO - >  Na20  +  Cu  +  3  N2;  AH  =  >299,8  kJ  (Talley  Industries) 

2)  TEMIC  Bayem-Chemie  Airbag  GmbH  uses  the  following  composition: 

10  NaNs  +  2  KNO3  +  6  Si02  - >  5  Na20  +  K2O  +  6  Si02  +  16  N2;  AH=  -  3152  kJ 

3)  TRW  -  VSSI  uses  the  following  composition: 

65%NaN3/  25%Fe203/  10%NaNO3,  Si02  etc. 

4)  Morton  International: 

a)  4  NaNs  +  M0S2  - >  2  NaaS  +  Mo  +  6  N2;  AH  =  -  580,3  kJ 

b)  2  NaN3  +  S  - >  Na2S  +  3  N2;  AH  =  -  407,8  kJ 
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4.  Experimental  results 

Gas  generators  for  air  bags  and  belt  restraint  systems  must  exliibit  safety  and  thermal 
properties  which  meet  defined  requirements.  The  most  important  tests  for  determining 
these  properties  are  briefly  discussed  in  this  paper  together  with  experimental  results. 

The  following  tests  have  been  conducted  in  order  to  qualify  an  air  bag  gas 
generator  propellant  consisting  of  sodium  azide  (NaNs).  molybdenum  disulfide 
(M0S2)  and  sulfur.  For  tliis  purpose, 

-  impact  and  friction  sensitivity 

-  chemical  stability 

-  combustion  gas  volume 

-  analysis  of  combustion  gas  and  of  the  solid  residue 

-  maximum  pressure 

-  hygroscopicity 
have  been  measured. 

4.1  IMPACT  SENSITIVITY 

Tlie  impact  sensitivity  of  explosive  substances  is  determined  using  the  drop  weight 
test  developed  by  the  German  Federal  Institute  for  Testing  Materials  (BAM, 
Berlin[l,2].  In  this  test,  the  minimum  energy  which  causes  at  least  one  positive  result 
from  a  set  of  six  tests  is  determined. 

Result: _ Impact  sensitivity; 

-  By  using  complete  pellets;  No  reaction 

-  By  using  small  pieces;  7,5  Nm 

4.2  FRICTION  SENSITIVITY 

The  friction  sensitivity  of  explosive  substances  is  determined  using  the  friction  tester 
developed  by  the  BAM  [1,2].  In  this  test,  the  minimum  force  (in  Ne^vton  N)  applied 
to  a  contact  pin  is  determined,  which  causes  at  least  one  positive  flame,  crackle  or 
explosion  from  a  set  of  six  tests. 

Result:  For  this  investigation,  a  sieve  fraction  of  <  500  |Lim  was  taken.  As  result 
no  friction  sensitivity  was  found;  this  means  no  reaction  was  observed  under  a  pistil 
load  of  <  360  Newton  (N). 

4.3  CHEMICAL  STABILITY 
4.3.1  Dutch  test  at  1 10^  C 

The  Dutch  test  was  conducted  at  1 10°  C  by  an  isothermal  heating  of  two  propellant 
samples  of  4g  according  to  the  description  TL  1376-950.  Using  this  metiiod,  the 
weight  loss  between  8  and  72  hours  of  constant  heating  is  measured. 
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Result: 

Storage  time  (hours)  Weight  loss  (v\t  %) 

_ sample  A  sample  B 

0-8  0,18  0,19 

-  0  -  72  029 _ 0^ 

8-72  0,11  0,11 

The  decomposition  rate  of  0,1 1%  is  very  low;  this  means  the  propellant  is  very  stable 
in  this  case. 

4.3.2  90°  C  Weight  Loss  T est 

For  determining  the  chemical  stability  of  nitrocellulose  containing  gas  generators, 
usually  a  90°  C  test  is  being  used.  In  diis  case,  tlie  time  at  90°  C  ageing  is  measured 
up  to  an  onset  of  an  autocatalytic  decomposition,  which  is  characteristic  for  single 
base  and  double  base  propellants. 

The  beginning  of  a  strong  accelerated  decomposition  is  equal  to  the  end  of  tlie 
safe  life  time  of  a  propellant. 

The  investigation  of  a  double  base  propellant,  which  is  being  used  as  inflator 
system  for  the  so-called  Eurobag,  exhibited  an  autocatalytic  decomposition  at  90°  C 
after  a  storage  time  of  63  days. 


4.3.3  Service  life  determination  of  nitrocellulose  containing  propellants 
The  service  life  of  nitrocellulose  containing  gas  generators  for  air  bags  and  belt 
restraint  systems  is  determined  by  a  storage  of  the  propellant  at  different  constant 
temperatures  between  60°  C  and  90°  C  by  measuring  tlie  stabilizer  decrease  down  to 
a  point  at  wliich  50%  of  the  stabilizer  has  depleted.  In  this  case,  tlie  so-called  half-life 
time  of  the  stabilizer  is  measured.  Through  extrapolation  of  the  exponential 
relationship  between  temperature  and  stabilizer  depletion  rate,  the  service  life  at  a 
lower  storage  temperature  or  under  any  given  temperature  profile  is  determined. 

For  example,  the  investigation  of  two  single  base  propellants  for  belt  restraint 
systems  gave  the  following  results  witli  regard  to  a  50%  depletion  time  of  the 
stabilizer  diphenylamine  (DP A): 


Temperature  (°C) 

50%  depletion  of  DP  A  in  days 
_  Gas  generators:  B.C.  86/046  SNPP  04/8/; 

90 

2,3 

2.5 

80 

7,9 

7,7 

70 

30,9 

31.3 

4 

i 

30 

43,7  years 

34,5  years 
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4.4  MEASURING  OF  THE  COMBUSTION  GAS  VOLUME 


For  the  determination  of  the  volume  of  the  combustion  gas,  2,5  grams  of  the  air  bag 
propellant  were  ignited  in  a  calorimetric  bomb  exliibiting  a  chamber  volume  of  25 
cm^  The  combustion  was  initiated  by  the  hot  wire  teclinique  with  a  12  Volt  batteiy. 
After  the  shot,  tlie  product  gas  was  measured  using  a  graduated  gas  sample  system. 
As  a  result,  375  to  385  cm^  gas  have  been  measured  related  to  one  gram  of  the 
propellant.  The  residue  of  solid  products  in  the  closed  bomb  was  about  55  weight 
percent. 

4.5  COMBUSTION  IN  A  60  LITER  VESSEL 

For  investigation  the  combustion  behavior  of  complete  gas  generator  systems  witliout 
bag,  a  60  1  vessel  was  used.  In  this  case  usually  the  pressure-time  plot  or  the 
maximum  pressure  is  being  determined.  In  addition,  gaseous  and  solid  reaction 
products  are  analyzed. 

For  the  tests,  tliree  air  bag  gas  generators  A,  B  and  C  have  been  used. 

4.5.1  Pressure  measurement 

The  gas  generator  mounted  on  the  top  of  the  vessel  was  ignited  with  a  12  Volt 
battery.  The  pressure  was  measured  using  a  piezoresistive  pressure  gauge  of  Kistler 
Company,  Germany.  The  following  maximum  pressures  were  measured: 

Gas  generator  A:  1,9  bar, 

Gas  generator  B:  2,0  bar, 

Gas  generator  C:  1,9  bar. 

4.5.2  Analysis  of  the  gaseous  products 

Three  gas  generators  have  been  fired  into  a  60  1  tank  in  order  to  analyze  as  well  the 
reaction  gas  as  the  solid  residue.  After  the  shot,  gas  was  taken  using  evacuated  glass 
bottles  and  analyzed  by  gas  chromatography  and  Draeger  tubes  for  the  trace  analysis. 


1  Analysis  by  gas  chromatography  in  volume  percent  | 

Gas  generator: 

A 

B 

c 

0,35 

0,36 

0,36 

O2 

14,44 

14,53 

14,37 

N2 

85,11 

85,00 

CO 

0,08 

0,09 

0,08 

CO2 

0,01 

0,01 

0,01 
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1  Analysis  by  Draeger  tubes  in  ppm  | 

Gas  generator: 

A 

B 

C 

NOx 

10 

12 

10 

HCN 

- 

- 

_ 

NHs 

65 

75 

65 

CO 

500  -  600 

600  -  700 

600  -  700 

H2S 

? 

? 

? 

S02 

- 

- 

- 

CH20 

- 

- 

- 

4.5.3  Analysis  of  the  solid  reaction  products 

In  order  to  analyze  the  solid  reaction  products  of  air  bag  shots,  usually  the  following 
elements  should  be  taken  into  account: 

Sodium  (Na) 

Potassium  (K) 

Silicon  (Si) 

Molybdenum  (Mo) 

Iron  (Fe) 

Copper  (Cu). 

After  tile  combustion  of  the  gas  generator,  tlie  60  1  tank  was  treated  witli  distilled 
water  to  wash  out  the  solid  products  quantitatively.  In  order  to  get  a  complete 
solution,  a  treatment  with  HCl  is  necessary.  Then  the  above  mentioned  elements,  or 
other  ones,  will  be  detennined  quantitatively  by  Atomic  Absorption  Spectroscopy 
(AAS)  or  by  Inductive  Coupled  Plasma  Method  (ICP). 

Before  treatment  with  hydrogen  chloride,  the  pn  -  value  of  the  water  solution  is 
measured. 

The  following  concentrations  have  been  measured  using  the  AAS  -  method: 


Analysis  0 

r  the  solid  residue  | 

Gas 

generator 

Ph 

value 

IPilji 

Na 

(mg) 

K 

(mg) 

Mo 

(mg) 

m 

Fe 

(iTlg) 

Cu 

fme) 

A 

11,8 

2316 

599 

51 

263 

0,5 

mvm 

B 

11,0 

1812 

494 

207 

39 

4 

0,2 

C 

11,1 

1689 

501 

116 

43 

4 

0,7 

We  see  that  tlie  pn  -  value  is  relatively  high;  the  washing  water  exhibits  a  strong 
alkaline  reaction,  due  to  the  formation  of  sodium  hydroxide  (NaOH), 
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4.6  HYGROSCOPICITY 


In  order  to  measure  the  hygroscopicity,  propellant  samples  were  stored  at  a  relative 
humidity  of  about  65%  at  room  temperature  in  special  climatic  heating  systems.  In 
our  case,  glass  tubes  containing  3  grams  of  propellant  samples  were  stored  at  23°  C. 
From  time  to  time  the  mass  of  tlie  tubes  was  determined  in  order  to  get  the  increase  of 
humidity.  The  following  table  shows  the  result  of  humidity  increase  of  three 
propellant  samples  stored  at  65%  relative  humidity: 


Storage  time 
(days) 

Humidity  increase  in  weight  %  | 

m^sisssii 

IIIIIIIIIIIIIESBSSSBI^ 

5 

HHISHii 

1,23 

11 

2,17 

2,16 

18 

4,97 

4,91 

4,78 

24 

6,13 

5,94 

5,58 

From  the  table  we  see  an  increase  of  humidity  content  after  24  days  at  23°  C  of 
about  6%. 

4.7  BONFIRE  TEST 

In  order  to  find  out  how  a  gas  generator  reacts  when  directly  exposed  to  a  flame,  the 
Bonfire  test  should  be  conducted.  In  this  test,  the  inflator  system  is  exposed  to  hot 
exlmust  gases  from  a  gas  burner  until  self-ignition  occurs.  The  observation  includes 
whether  or  not  metallic  fragments  are  formed  during  self-ignition  and  combustion.  It 
is  also  important  if  the  gas  generator  moves  from  its  original  position  or  not,  this 
means  if  it  is  tiirust  neutral  or  not. 

By  testing  different  gas  generators  it  was  found  that  the  results  depend  on  the 
position  of  the  flame.  This  means  if  tlie  flame  is  directed  onto  the  igniter  side,  in  most 
cases  a  complete  combustion  of  the  propellant  starts  after  a  distinct  time.  If  the  flame 
is  opposite  to  the  igniter,  usually  the  time  is  longer  until  a  complete  combustion  has 
occured. 


5.  Disposal  of  gas  generators 

Most  of  the  gas  generators  for  air  bag  systems  consist  of  sodium  azide  (NaNs) 
and  oxidizers  such  as  molybdenum  disulfide  (M0S2),  potassium  nitrate  (KNO3), 
sodium  nitrate  (NaNOs),  iron  oxide  (Fe203)  and  other  ingredients.  From  these 
substances,  Sodium  azide  exhibits  the  most  toxic  properties.  It  is  extremely 
poisonous:  Ingestion  of  small  quantities  can  cause  nausea,  vomitting,  headache, 
diarrhea,  difficulty  in  breathing  and  heart  palpitations.  A  dangerous  reaction  product 
is  hydrazoic  acid,  see  data  sheet  of  sodium  azide. 


463 


Because  of  the  poisonous  behavior  of  sodium  azide  included  in  the  propellant, 
gas  generators  should  be  fired  for  disposal  purposes.  Tlie  reaction  products 

consisting  of  Na^O,  K,0,  Na^S,  Mo,  MoS,  Cu,  CuO,  FeO  etc,  are  much  less 
poisonous. 


6.  Conclusion 

This  paper  deals  with  the  investigation  of  gas  generators  for  air  bags  and  belt 
restraint  systems.  The  reaction  behavoir  of  sodium  azide  and  nitrocellulose  based  gas 
generators  is  described.  Safety  aspects  during  handling,  thermal  stability  and  life  time 
of  different  propellants  have  been  discussed.  In  addition,  reaction  products  from  shots 
in  tlie  60  I  vessel  were  analyzed. 
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ABSTRACT 

An  experimental  study  of  flame- spreading  behavior  over  thin  Mg/PTFE/Mg  foils  (called  EnerfoiF’^ 
Pyrotechnic  Film)  with  thicknesses  of  10/25/10  jxm  was  conducted  in  an  argon  environment.  This  thin 
film  pyrotechnic  material  has  been  designed  to  serve  as  an  ignition  enhancer  in  passenger-side  airbag 
gas  generators.  The  objective  of  this  study  was  to  determine  the  effects  of  initial  chamber  pressure  and 
gap  width  between  two  foils  on  the  intrinsic  flame-spreading  rate  of  Enerfoil™  films.  In  the 
experimental  setup,  the  steady-state  flame-spreading  rate  (VV^)  was  deduced  from  the  flame-front 
trajectory  measured  by  an  array  of  fast-response  Lead-Selenide  (Pb-Se)  IR  photodetectors.  The  initial 
chamber  pressure  was  varied  from  0.1  to  10.5  MPa.  Results  indicated  that  for  single-foil  tests 
decreased  as  the  initial  chamber  pressure  was  increased;  this  observed  trend  is  believed  to  be  caused  by 
a  greater  heat  loss  to  the  ambient  gas  at  higher  pressures.  An  experimental  correlation  was  developed 
with  a  pressure  exponent  of  -  0.1 18.  For  double-foil  tests,  the  gap  width  between  two  adjacent  foils 
was  varied  from  50  to  400  ^m.  It  was  found  that  for  double-foil  tests  there  exists  an  optimal  gap 
width  for  obtaining  a  maximum  at  a  given  initial  chamber  pressure.  The  optimal  gap  width 
appears  to  become  smaller  as  the  initial  chamber  pressure  increases.  For  each  gap  width  tested,  there 
is  also  an  optimal  pressure  at  which  the  Vps  reaches  a  maximum.  The  existence  of  the  optimal  pressure 
and  gap  width  is  caused  by  the  combination  of  several  factors,  including  required  physical  space  for 
complete  gas-phase  reactions,  heat  transfer  rates  to  both  unbumed  foils  and  ambient  gases. 


INTRODUCTION 

Pyrotechnic  compositions  based  on  the  formulation  of  magnesium  (Mg)  and  polytetrafluoroethylene 
[PTFE,  (-C2F4-)n]  have  been  utilized  as  a  rocket  motor  igniter  material  due  to  several  advantages^ 
high-energy  content,  low  hygroscopicity,  high  degree  of  safety  in  preparation,  low  temperature  and 
pressure  dependence  of  the  burning  rate,  easy  fabrication  of  igniter  pellet  or  grain,  favorable  aging 
characteristics,  stable  burning  at  low  pressures,  and  low  production  costs.  Viton  copolymer,  (- 
C5H3  5F6,5-)n,  is  frequently  added  to  the  conventional  Mg-Teflon  (MT)  powder  mixture  to  increase 
homogeneity  and  to  facilitate  product  fabrication  without  producing  any  adverse  effect  on  combustion 
thermochemistry.  It  is  important  to  note  that  "soft"  ignition  (defined  as  low  motor  pressurization  rate 
and  absence  of  an  ignition  peak)  of  solid-propellant  motors  is  readily  obtainable  with  MT  or  MTV 
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(Mg-Teflon-Viton)  pellets  and  granules,-  The  soft  ignition  feature  is  often  desirable  for  certain 
propellant  grain  configurations. 

A  comprehensive  thermochemical  study  was  conducted  by  Peretz^  for  different  MT  and  MTV 
formulations.  A  simplified  combustion  scheme  of  MTV  compositions  for  both  stoichiometric  and  Mg- 
rich  formulations  was  expressed  by  the  following  reaction': 

mMg  +  [-C^F,-]  +  n[-C,E, - >  {l5n  +  2)Mg¥,  ^ 

+  3.5aiHF  +  (5«  +  2)C  +  (m-1.5«-2)Mg 

Using  3.4  cm  long  tubular  MTV  pellets  with  inside  and  outside  diameters  of  1.05  and  2.35  cm, 
respectively,  a  series  of  ballistic  tests  was  conducted  by  Peretz.'  MTV  pellets  with  a  composition  of 
58%  Mg,  38%  F^FE,  and  4%  Viton  showed  fast  flame  spreading,  stable  burning  and  reproducible 
results.  The  burning  rate  law  for  test  samples  consolidated  at  220  MPa  with  the  above  composition  at 
ambient  temperatures  over  the  pressure  range  of  0.8  to  4.2  MPa  was  deduced  to  be: 

n  (cm/s)  =  1 .69  P(MPa)0-22  (2) 

No  noticeable  variation  of  the  pressure  exponent  in  the  burning  rate  law  with  temperatures  (-40  to 
70  “C)  was  detected.  Consolidation  at  lower  pressures  of  150  and  1(X)  MPa  was  found  to  increase  the 
burning  rates  by  4%  and  15%,  respectively. 

The  burning  rate  characteristics  of  Mg/PTFE/Viton  pyrotechnic  material  were  also  studied  by  Kubota 
and  Serizawa.3  The  burning  rate  of  MTV  pellets  (7  mm  in  diameter  and  30  mm  in  length)  was 
determined  in  a  chimney-type  strand  burner  pressurized  with  nitrogen.  Experimental  results  indicated 

that  the  burning  rate  increases  with  the  increase  in  the  weight  fraction  of  Mg  particles  (^)  for  samples 
with  ^  from  0.2  to  0.7.  The  pressure  exponent  of  the  burning  rate  law  is  relatively  constant  for  MTV 
pellets  with  a  high  concentration  of  Mg  (60%  and  70%);  however,  the  pressure  exponent  increases 
rapidly  with  increasing  pressure  for  pellets  with  a  low  concentration  of  Mg  (20%,  30%,  and  40%). 
The  burning  rate  is  also  dependent  on  the  particle  sizes  of  Mg  and  PTFE;  it  is  higher  for  pellets  with 
either  smaller  Mg  particles  or  larger  PTFE  particles. 

Based  upon  their  experimental  observations,  Kubota  and  Serizawa^  proposed  a  combustion 
mechanism  of  Mg/PTFE  pyrotechnics.  It  was  postulated  that  Mg  particles  melt  on  the  burning  surface 
and  are  partially  oxidized  by  fluorine  which  is  produced  by  the  thermal  decomposition  of  PTFE 
particles.  Subsequently,  Mg  particles  on  the  burning  surface  are  ejected  into  the  gas  phase  where  they 
react  rapidly  with  fluorine. 

Due  to  the  broad  utilization  of  PTFE  in  the  industry,  the  thermal  decomposition  of  PTFE  has  been 
studied  extensively. The  decomposition  of  PTFE  in  vacuum  or  in  inert  gas  (He  and  N2) 
environments  yields  mainly  the  monomer  tetrafluoroethylene  (C2F4).'*-®  However,  carbonyl  fluoride 
(COF2),  carbon  dioxide,  and  tetrafluoromethane  (CF4)  are  major  products  when  PTFE  is  decomposed 
in  air  or  oxygen.^-’  Below  650  *C,  COF2  appears  to  be  the  main  product,  and  at  higher  temperatures  it 
disproportionates  to  CO2  and  CF4.  The  thermal  characteristics  of  the  PTFE  decomposition  was 
investigated  by  Griffiths  et  al.®  using  a  simultaneous  DTA/DTG.  It  was  found  that  the  decomposition 
of  PTFE  is  an  endothermic  process  in  argon  and  nitrogen  but  it  becomes  exothermic  in  air. 

The  thermal  decomposition  of  PTFE  in  the  presence  of  magnesium  was  also  studied  by  Griffiths  et  al.^ 
Results  indicated  that  the  addition  of  Mg  powders  causes  the  purely  endothermic  decomposition  of 
PTFE  in  argon  and  nitrogen  to  develop  two  exotherms  at  570  *C  and  630  ’C.  Development  of  these 
two  exotherms  represents  the  change  of  reaction  mechanism  between  Mg  and  decomposed  products  of 
PTFE  in  the  formation  of  carbon  and  magnesium  fluoride.  Moreover,  complete  decomposition  can  be 
achieved  at  a  lower  temperature  in  air  than  in  the  inert  atmosphere  and  major  decomposed  products  are 
magnesium  fluoride,  magnesium  oxide,  and  unreacted  magnesium. 

Recently  a  new  pyrotechnic  technology  was  invented  at  the  Defense  Research  Agency  (DRA)  of  the 
Ministry  of  Defense,  UK,  using  a  physical  vapor  deposition  (PVD)  technique  to  manufacture  thin 
Mg/PTFE/Mg  pyrotechnic  foils.  ICI  Explosives  has  developed  the  invention  further  into  a  commercial 
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manufacturing  process  and  built  the  world’s  first  production  scale  roll  coater  for  the  rnanufacture  of 
such  pyrotechnic  foils,  called  Enerfoil™  Pyrotechnic  Film.  The  first  commercial  application  of  such 
material  was  to  serve  as  an  ignition  enhancer  in  passenger-side  airbag  gas  generators.  The  thickness 
of  the  Mg/PTFE/Mg  film  is  typically  around  10/25/10  /im.  The  unique  form  of  this  material  allows 
one  to  design  an  ignition  train  into  a  wide  range  of  geometries  through  standard  film  processing 
techniques  such  as  embossing,  cutting,  rolling,  and  cassetting.  This  high  degree  of  automation  in 
manufacture  and  conversion  of  Enerfoil™  films  is  highly  beneficial  for  a  large  volume  products  with 
consistent  quality.  As  a  result,  the  EnerfoiF^  pyrotechnic  film  has  been  considered  to  be  an  attractive 
candidate  for  a  broad  range  of  potential  applications  in  both  civil  and  military  systems  (e.g.,  enhancers 
for  airbag  inflator  systems,  gas  generators,  rocket  motors,  large  caliber  ordnance,  signal  transfer 
tubes,  and  flares).'^ 

In  a  series  of  performance  evaluation  tests,  Chan  et  al.’^  ’'^  demonstrated  that  a  wound  roll  of 
Mg/PTFE/Mg  film  can  provide  rapid  and  uniform  ignition  of  sodium  azide  based  propellants  with 
minimum  damage  to  the  propellant  grain  structure.  This  novel  material  has  been  shown  to  have  better 
performance  than  conventional  pyrotechnic  powders  of  an  identical  chemical  composition  in  terms  of 
ballistic,  environmental,  and  cost  considerations.  The  geometric  configuration  of  Mg/PTFE/Mg  films 
has  been  found  to  be  an  important  parameter  to  obtain  optimum  performance.  Experiments  showed 
that  the  time  to  reach  complete  reaction  of  a  wound  Mg/PTFE/Mg  roll  depends  strongly  on  the 
separation  of  adjacent  layers  and  the  confinement  of  the  film  element.  With  an  optimum  interply 
separation  of  about  300  jjxn  and  proper  confinement,  full  reaction  of  a  Mg/PTFE/Mg  coil  (229  mrn  in 
length)  was  achieved  in  less  than  4  ms  in  a  cylindrical  combustion  vessel  which  simulated  the  physical 
dimensions  of  a  typical  passenger  side  airbag  inflator.*'^  However,  it  is  hard  to  deduce  the  flame¬ 
spreading  rate  of  the  EnerfoiF’^  film  from  this  type  of  tests.  For  achieving  deeper  understanding  of 
ignition  and  flame-spreading  processes  of  this  new  material,  it  is  useful  to  obtain  the  intrinsic  flame¬ 
spreading  rate  of  Enerfoil™  film  as  well  as  the  rate  dependency  on  operating  conditions. 

Most  of  the  previous  research  work,  as  mentioned  above,  was  focused  on  the  combustion  of 
pyrotechnic  pellets  made  of  well-mixed  powders,  very  little  study  aiming  at  the  burning  process  of  thin 
film  pyrotechnics.  The  objective  of  the  present  study  is  to  investigate  the  fundamental  flame-spreading 
characteristics  of  thin  Mg/PTFE/Mg  foils  under  well-defined  and  -controlled  test  conditions  using  a 
non-intrusive  optical  diagnostic  technique.  This  work  includes  a  study  of  the  effects  of  initial  chamber 
pressure  and  gap  width  between  adjacent  foils  on  the  flame-spreading  rate  of  Mg/PTFE/Mg  foils.  In 
addition,  correlations  describing  the  steady -state  flame-spreading  rate  of  the  Mg/PTFE/Mg  foil  as  a 
function  of  operating  conditions  were  developed. 


METHOD  OF  APPROACH 
Measurement  of  Flame-Spreading  Rate 

A  schematic  diagram  of  the  experimental  setup  to  measure  the  flame-spreading  rate  over  Mg/PTFE/Mg 
thin  foils  is  shown  in  Fig.  1.  A  high-pressure  windowed  stainless-steel  chamber  was  used  in  this 
study.  An  array  of  infrared  (IR)  photodetectors,  consisting  of  six  fast-response  lead-selenide  (Pb-Se) 
IR  photodetectors  (<  10  fjs  temporal  response;  1-4.5  jum  wavelength),  was  mounted  on  the  top  wall  of 
the  test  chamber.  These  detectors  were  arranged  adequately  to  cover  the  axial  variations  of  light 
emission  from  the  foil  surface,  for  providing  the  ignition  delay  times  of  various  sites  of  the  test  sample 
opposite  to  the  photodetectors.  The  selection  of  IR  photodetectors  was  based  upon  a  study  by  Thynell 
et  al.*^  using  a  Fourier-Transform  Infrared  (FT-IR)  spectrometry  to  show  that  the  optical  signals  from 
an  ignited  propellant  surface  could  be  distinctly  differentiated  from  those  of  an  unignited  propellant 
surface,  even  in  the  presence  of  combustion  product  gases  and  metal-oxide  particles  in  line-of-sight 
measurements.  To  use  the  emitted  energy  as  a  means  for  detecting  the  arrival  of  the  flame  front, 
Thynell  et  al.’^  outlined  three  criteria:  (1)  it  is  necessary  to  have  optical  access  to  the  measurement 
location,  (2)  the  emitted  energy  from  the  burning  surface  must  be  distinguishable  from  flowing 
combustion  product  gases,  and  (3)  the  measurement  system  must  be  capable  of  recording  the  rapidly 
changing  event.  All  three  criteria  were  satisfied  in  the  experimental  setup  of  this  study. 
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Figure  1 .  Schematic  Diagram  of  Experimental  Setup  to  Measure  Flame-Spreading 
Rate  of  Mg/PTFE/Mg  Foils 


Six  specially-designed  photodetector  holders,  which  contain  quartz  windows  and  window  retainers, 
provide  both  the  optical  access  of  photodetectors  to  the  sample  surface  and  the  tight  seal  for  high- 
pressure  tests.  The  electrical  circuit  for  IR  detectors  consists  of  six  parallel  IR  photodetectors  and  each 
detector  is  connected  in  series  with  a  1  MH  resistor.  An  excitation  voltage  was  supplied  to  the  detector 
array  and  the  voltage  across  each  1  MQ  resistor  was  recorded  using  a  PC-based  Nicolet  multi-channel 
data  acquisition  system.  The  design  was  based  upon  the  fact  that  as  the  photodetector  senses  a  signal 
the  resistance  of  the  detector  decreases,  resulting  in  an  increase  in  voltage  across  the  1  MH  resistor. 

The  overall  transient  event  of  ignition  and  flame-spreading  of  a  Mg/PTFE/Mg  foil  was  recorded  by  a 
high-speed  movie  camera  (Pulnix  CCD  camera  or  Spin  Physics  2000  camera).  As  shown  in  Fig.  1, 
two  first  surface  mirrors  reflect  the  images  from  two  side  windows  to  the  camera  which  is  located  in 
the  control  area. 

Three  fast-response  pressure  transducers  (PTl,  PT2,  and  PT3;  Kistler  Instrument  Corp.)  were 
mounted  at  upstream,  midstream,  and  downstream  locations  along  the  test  chamber  to  record  the 
pressure-time  history  of  the  chamber  during  the  burning  of  Mg/PTre/Mg  foils.  Two  fine-wire  (25 
/zm)  Pt/Pt-10%Rjh  thermocouples  (TCI  and  TC2)  were  used  to  measure  the  surface  temperature  of 
Mg/PTFE/Mg  foils  and  the  gas-phase  temperature  during  the  flame-spreading  event. 
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Mg/PTFEAlg  Foil  Sample  and  Igniter 

Mg/PTFE/Mg  foil  samples  with  a  layer  thickness  of  10/25/10  /im  were  supplied  and  manufactured  by 
ICI  Explosives.  These  foils  were  treated  with  a  very  thin  aluminum  oxide  coating  to  prevent  the 
oxidation  of  Mg  layers  by  ambient  gases.  The  composition  of  Mg/PTFE/Mg  foils  is  slightly  Mg-rich 
and  has  a  weight  percentage  of  31-35%  Mg,  65-69%  FI  FE,  and  less  than  1%  Al.  Test  samples  used 
in  this  study  were  2.5  cm  wide  and  45  cm  long;  the  reason  for  using  long  sample  strips  is  to  accurately 
determine  the  intrinsic  flame-spreading  rate. 

In  the  experiment,  the  Mg/PTFE/Mg  foil  sample  was  mounted  on  a  sample  holder  made  of  an  ablative 
resistant  material,  MXB-360.  The  selection  of  MXB-360  was  based  upon  its  low  thermal 
conductivity,  high-temperature  refractory  nature,  and  material  rigidity.  The  igniter  was  installed  inside 
an  igniter  holder.  Both  sample  holder  and  igniter  holder  were  connected  with  a  steel  baseplate, 
permitting  adjustment  of  the  distance  between  the  igniter  tip  and  the  sample  surface.  Results  presented 
in  this  paper  were  obtained  in  test  conditions  with  3.4  mm  between  the  igniter  tip  and  the  leading  edge 
of  test  samples.  The  ignition  circuit  was  designed  to  synchronously  send  out  a  firing  current  to  the 
igniter  and  a  triggering  signal  to  the  data  acquisition  system.  Igniters  used  in  this  study  were  also 
manufactured  and  supplied  by  ICI  Explosives.  This  type  of  igniters  has  an  amount  of  pyrotechnic 
charge  of  60  mg  powders,  consisting  of  zirconium,  boron,  and  potassium  perchlorate  mixture. 


Test  Conditions 

Experiments  were  conducted  with  two  different  sample  configurations:  single  foil  and  double  foils. 
For  single-foil  tests,  the  sample  was  mounted  on  a  horizontal  sample  holder  with  six  photodetectors 
aimed  at  different  axial  locations  along  the  centerline  of  the  sample  surface.  For  each  double-foil  test, 
two  samples  were  mounted  on  two  vertical  sample  holders  with  adjustable  gap  widths;  the 
photodetector  array  was  aligned  along  the  gap  between  two  foils. 

All  the  tests  were  conducted  in  a  pure  argon  environment.  The  test  chamber  pressure  was  varied  from 
one  atmosphere  (0.1  MPa)  to  10.5  MPa.  For  double-foil  tests,  the  gap  width  between  two  adjacent 
foils  was  varied  from  50  to  400  ^m. 


DISCUSSION  OF  RESULTS 


Single-Foil  Tests 

A  typical  set  of  IR  photodetector  responses  signifying  the  arrival  of  flame  front  to  the  detector 
locations  opposite  to  a  single  foil  is  shown  in  Fig.  2.  The  first  abrupt  rise  in  voltage  output  of  each 
photodetector  was  treated  as  the  onset  of  ignition.  The  flame  front  propagation  velocity  was  then 
determined  by  a  linear  fit  of  the  ignition  front  trajectory.  It  was  found  that  in  most  of  the  tests  the 
flame  front  signal  is  essentially  linear  for  the  last  five  detectors,  indicating  a  steady-state  flame¬ 
spreading  rate  in  this  region.  (It  should  be  noted  that  the  sequential  onset  of  IR  signals  does  not 
appear  to  be  linear  in  Fig.  2  due  to  a  non-linear  stagger  of  these  traces,  which  does  not  coirespond  to 
the  actual  locations  of  IR  detectors.)  The  first  photodetector  data  was  omitted  from  the  linear  fit  due  to 
the  randomness  associated  with  the  pyrotechnic  igniter  discharge. 

Figure  3  shows  a  plot  of  flame-front  trajectories  of  a  series  of  single-foil  test  runs  at  several  different 
initial  chamber  pressures.  The  free  volume  inside  the  test  chamber  for  single-foil  tests  was  about  330 
cm^.  Steady-state  flame-spreading  rates  (VVj)  were  then  deduced  from  the  linear  fit  of  each  flame-front 
trajectory.  As  indicated  in  Fig.  3,  decreased  as  the  initial  chamber  pressure  was  increased.  It  is 
believed  that  the  steady-state  propagation  rate  of  a  flame  front  depends  on  the  energy  transfer  from  the 
combustion  products  to  the  unbumed  foil.  The  observed  trend  can  be  explained  by  considering  the 
amount  of  heat  loss  from  the  combustion  products  of  a  Mg/PTFE/Mg  foil  to  the  ambient  gas.  For 
higher  initial  chamber  pressure,  the  gas  density  was  higher  and  therefore  the  combustion  products  of 
Mg/PTFE/Mg  foils  were  cooled  more  rapidly,  resulting  in  a  decrease  in  heat  transfer  rate  to  the 
unbumed  foil  and  flame-spreading  rate. 
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Figure  2.  A  Typical  Set  of  IR  Photodetector  Responses 
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Figure  3.  Flame  Front  Trajectories  of  Single  Mg/PTFE/Mg  Foils 
1 00%  At  at  Different  Initial  Chamber  Pressures 


The  following  correlation  was  developed  to  relate  the  Vps  of  single  foils  as  a  function  of  initial  chamber 
pressure 

(cm/s)  =  108.2  ?(MPa)-o  ii84  (3) 

Figure  4  shows  a  comparison  of  the  measured  Vps  versus  P  data  for  single-foil  tests  with  the 
correlation.  It  is  evident  that  the  correlation  fits  the  measured  data  very  well. 


Double-Foil  Tests 

Figure  5  shows  a  plot  of  deduced  Vps  versus  gap  width  for  a  series  of  double-foil  tests  at  several 
different  initial  chamber  pressures.  Tests  were  conducted  at  gap  widths  of  51,  102,  204,  305,  and 
408  fim.  The  gap  width  was  controlled  by  using  metal  shims  of  different  thicknesses  between  the 
opposing  foils.  The  free  volume  inside  the  test  chamber  for  double-foil  tests  was  minimized  for  two 
reasons;  (1)  to  reduce  the  amount  of  heat  loss  to  non-reacting  gases  inside  the  test  chamber  and  (2)  to 
more  closely  simulate  the  confined  conditions  of  Enerfoil™  pyrotechnic  films  used  as  an  ignition 
enhancer  in  automobile  airbag  applications.  The  free  volume  for  double-foil  tests  was  about  100  cm^ 

Steady-state  flame-spreading  rates  (Vps)  were  deduced  from  the  linear  fit  of  each  flame-front  trajectory 
as  described  in  the  Single-Foil  Tests  section.  Figure  5  reveals  the  existence  of  an  optimal  gap  width 
for  obtaining  a  maximum  at  a  given  initial  chamber  pressure.  It  is  important  to  note  that  this 
optimal  gap  width  is  not  constant  and  is  a  function  of  the  initial  chamber  pressure.  At  a  given 
pressure,  the  decreases  at  gap  widths  larger  than  the  optimal  value  due  to  the  increased  heat  loss  to 
a  larger  amount  of  gases  in  the  gap  as  well  as  the  increased  radiation  heat  loss  to  interior  surfaces  of 
the  test  chamber.  It  may  also  be  caused  by  the  fact  that  as  the  gap  width  increases  the  radiation  shape 
factor  from  the  burned  foil  to  the  unbumed  opposing  foil  decreases.  When  gap  widths  were  smaller 
than  the  optimal  value,  the  decrease  of  Vps  was  caused  by  the  lack  of  volume  for  the  gas-phase  reaction 
to  reach  a  fully  reacted  state.  These  above  effects  result  in  an  optimal  gap  width  for  a  given  initial 
chamber  pressure. 

As  can  be  seen  in  Fig,  5,  the  optimal  gap  width  appears  to  become  smaller  as  the  initial  chamber 
pressure  increases.  This  gap-width  induced  shift  phenomenon  can  be  explained  by  noting  that  as  the 
initial  chamber  pressure  increases,  the  collision  frequency  of  gas  molecules  is  higher  and  therefore 
gas-phase  reactions  require  less  space  to  reach  a  fully  reacted  state.  Also,  for  regions  beyond  the 
optimal  gap  width,  the  decrease  of  with  an  increase  in  the  gap  width  is  more  pronounced  at  higher 
pressures.  This  is  believed  to  be  caused  by  a  greater  heat  loss  from  the  combustion  products  to  the 
ambient  gas  at  higher  initial  chamber  pressures.  It  is  anticipated  that  as  the  gap  width  is  increased  to  a 
certain  extent,  the  value  of  Vps  should  approach  asymptotically  to  the  single  foil  result.  However,  the 
current  test  matrix  does  not  cover  a  very  broad  range  of  gap  widths. 

Figure  6  is  a  plot  of  the  versus  initial  chamber  pressure  at  several  different  gap  widths.  It  is 
evident  from  Fig.  6  that  for  each  gap  width  tested,  there  is  also  an  optimal  pressure  at  which  the  Vps 
reaches  a  maximum.  This  phenomenon  can  be  interpreted  as  the  result  of  two  competing  effects.  As 
the  pressure  increases,  the  heat  transferred  from  combustion  products  to  the  unbumed  foil  is  enhanced 
by  having  higher  Reynolds  and  Nusselt  numbers,  resulting  in  a  larger  local  heat-transfer  coefficient. 
However,  the  heat  loss  to  the  ambient  gas  is  also  increased  at  higher  pressures.  It  is  believed  that  the 
enhanced  heat  transfer  to  the  unbumed  foil  near  the  flame  front  dominates  before  the  optimal  pressure, 
after  which  the  heat  loss  to  the  ambient  gas  becomes  dominant. 

A  set  of  pressure-time  (P-t)  traces  obtained  from  a  typical  test  mn  is  shown  in  Fig.  7.  (These  two  P-t 
traces  were  purposely  offset  for  clarity.)  The  two  gauges  were  located  at  5  cm  apart.  Based  upon  ^e 
comparison  of  these  traces,  it  is  evident  that  the  pressure  wave  phenomenon  is  not  important  during 
the  transient  event.  The  slight  increase  of  pressure  was  caused  by  both  an  increase  of  the  gaseous 
mass  and  heat  generation  due  to  foil  combustion.  However,  the  pressure  rise  is  not  very  pronounced. 
The  pressure  decrease  beyond  the  peak  value  at  the  end  of  foil  combustion  was  caused  by  the  cooling 
of  product  gases  by  the  chamber  walls. 


471 


Figure  4  Measured  and  Correlated  Flame-Spreading  Rates  of  Single 
Mg/PTFE/Mg  Foils  in  100%  Ar  as  a  Function  of  Initial  Chamber  Pressure 


Figure  5.  Deduced  Steady-State  Flame-Spreading  Rate  vs.  Gap  Width 
for  Double-Foil  Tests  at  Several  Initial  Chamber  Pressures 
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Initial  Chamber  Pressure  (MPa) 


Figure  6.  Deduced  Steady-State  Flame-Spreading  Rate  vs.  Initial 
Chamber  Pressure  for  Double-Foil  Tests  at  Two  Gap  Widths 


Figure  7.  A  Typical  Set  of  Pressure-Time  Traces  Recorded  in 
a  Double-Foil  Test  (Initial  Chamber  Pressure  =  5.3  MPa) 


CONCLUSION 


Based  upon  the  experimental  measurements  and  observations  of  this  study,  several  major  findings  are 
listed  below. 

1 .  For  single-foil  tests  in  an  argon  environment,  results  showed  that  the  steady-state  flame- 
spreading  rate  (VV5)  decreased  as  the  initial  chamber  pressure  was  increased.  It  is  believed  that 
for  higher  initial  chamber  pressures,  the  heat  loss  from  the  combustion  products  of 
Mg/PTFE/Mg  foils  to  the  ambient  gas  is  greater,  resulting  in  a  decreased  heat  transfer  rate  to  the 
unbumed  foil  and  a  lower  flame-spreading  rate. 

2 .  A  correlation  was  developed  to  relate  the  as  a  function  of  initial  chamber  pressure  for  single 
foil  tests.  The  pressure  exponent  was  found  to  be  -  0. 1 1 8, 

3 .  For  double-foil  tests,  an  optimal  gap  width  for  obtaining  a  maximum  Vfs  at  a  given  initial 
chamber  pressure  was  observed.  The  decrease  of  V,s  at  gap  widths  larger  than  the  optimal 
value  can  be  attributed  to  the  increased  heat  loss  to  both  a  larger  amount  of  gases  in  the  gap  and 
interior  surfaces  of  the  test  chamber.  When  the  gap  widths  were  smaller  than  the  optimal  value, 
the  decrease  of  is  believed  to  be  caused  by  the  lack  of  volume  for  the  gas-phase  reaction  to 
reach  a  fully  reacted  state. 

4.  The  optimal  gap  width  appears  to  become  smaller  as  the  initial  chamber  pressure  increases.  Tbis 
gap-width  induced  shift  phenomenon  can  be  explained  by  considering  the  effect  of  initial 
chamber  pressure  on  the  physical  space  required  to  reach  a  fully  reacted  state. 

5 .  For  each  gap  width  tested,  there  is  also  an  optimal  pressure  at  which  the  reaches  a  maximum. 
The  existence  of  the  optimal  pressure  is  caused  by  two  competing  heat  transfer  rates;  one  from 
combustion  products  to  the  unburned  foil  and  the  other  to  the  ambient  gas.  The  first  one 
dominates  before  reaching  the  optimal  pressure.  The  heat  loss  to  the  ambient  gas  becomes 
dominant  after  the  optimal  pressure. 
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ABSTRACT:  High-power  electrical  sources  are  considered  using  powder  fuels  and 
explosives:  pulse  and  explosive  magnetohydrodynamic  (MHD)  generators  and  magnet  flux 
cumulative  (MC)  generators.  The  powder  MHD-generators  are  verified  in  field  geophysical 
studies.  Their  further  employment  depends  strongly  on  improvement  of  the  combustion 
processes.  Analysis  is  presented  of  ways  to  solve  the  problem.  For  the  case  where  high- 
power  pulses  are  needed  with  repetition  frequencies  of  1  to  1000  Hz,  the  use  of  explosive 
MHD-generators  is  promising.  The  MC-generators  are  particularly  appropriate  for 
superhigh-power  supershort  pulses  for  supplying  vacuum  diodes,  railguns,  electron  and 
proton  accelerators,  powerful  lasers,  poweriful  microwave  generators,  etc.  Various  designs 
of  such  MC-generators  are  considered  as  well  as  their  achievable  parameters.  A  suggestion 
is  made  of  their  use  in  geophysics.  The  MC-generators  are  compared  to  the  MHD- 
generators  against  their  use  as  power  supply  for  earth  crust  electromagnetic  sounding  and 
electrical  prospecting. 


INTRODUCTION 

Many  new  technologies  need  high  power  small  bulk  power  supplies.  Requirements  for  such 
supplies  include  self-sufficiency,  transportability,  and  fast  entering  into  issued  operating 
regime.  The  most  promising  power  supplies  for  such  use  are  generators  with  explosives  as 
the  primary  energy  source.  This  is  because  the  explosives  accumulate  energy  up  to  10 
MJ/kg,  that  is  5-6  orders  of  magnitude  higher  than  capacitors.  Depending  on  the  energy 
pulse  duration  required  to  be  supplied  in  a  load,  either  combustion  or  explosion  is  used. 

In  particular,  such  devices  are  MHD-generators  which  in  turn  are  classified  as  powder  and 
explosive  MHD-generators.  The  former  were  primarily  taken  up  in  geophysical 
investigations  and  thus  were  referred  to  as  geophysical  (pulsed)  MHD-generators. 


GENERAL  DESCRIPTION  OF  THE  PULSED  MHD-GENERATORS 

The  power  that  pulsed  MHD-generators  release  into  self-consistent  load  is  within  1 0  to  100 
MW,  the  pulse  duration  being  within  10  s  [1-3].  Such  high  output  parameters  allow 
electromagnetic  soundings  of  the  earth  crust  up  to  depths  of  10  to  40  km  to  be  performed. 
Over  many  years,  such  generators  were  used  for  the  investigation  the  deep  structure  of  the 
earth  crust  (experiments  at  the  Kola  Peninsula  and  at  the  Urals),  for  oil  &  gas  prospecting 
in  the  Pre-Caspian  and  East  Siberian  regions,  and  also  for  earthquake  prediction  at  the 
Pamirs  and  Tien  Shan  seismoactive  regions.  As  a  result  of  the  investigations  made  by  using 
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the  MHD-generators,  fundamentally  new  and  important  geological  and  geophysical  data 
were  obtained  [4-6]. 

The  requirements  of  self-consistence  of  MHD-generators  as  well  as  the  requirement  of  fast 
(sufficiently  less  than  the  operating  pulse  duration)  self-excitation  impose  rigid  restrictions 
on  the  lower  level  of  the  so-called  energy  complex  of  the  working  fluid  -  aW^,  where  a  is 
electrical  conductivity,  W  -  flow  velocity  at  the  inlet  to  the  electrode  section  of  the  MHD- 
channel:  aW2>=  150-200  Sm/m-(km/s)2.  y^is  condition  limits  allowable  types  of  working 
fluids  to  high  energy  chemical  fuels  with  combustion  temperatures  of  3800-4000  K.  The 
working  fluid  for  the  existing  pulsed  MHD-installations  is  combustion  products  of  special- 
purpose  powder  plasmogenerating  fuels,  the  oW^  value  being  350-400  Sm/m-(km/s)2  at 
combustion  temperatures  within  3850-3950  K. 

The  experience  accumulated  in  pulsed  MHD-generator  use  for  geophysical  investigations 
shows  that  in  order  to  strive  for  wider  industrial  use,  it  is  necessary  to  decrease  the  cost  of  a 
single  run  of  the  MHD-facility.  To  do  this  would  require  increasing  effectiveness  of  the  fuel 
use  as  well  as  using  alternative  low-priced  fuel  compositions. 


FUEL  AND  COMBUSTOR  OPTIMIZATION 

To  solve  the  problem,  numerical  and  experimental  study  was  performed  intended  to  obtain 
full  combustion  of  the  fuel  components  and  to  achieve  design  thermodynamical  and 
electrophysical  parameters  of  powder  plasmogenerating  fuel  (PPF)  combustion  products. 
The  latter  differ  from  solid  rocket  fuels  by  enlarged  content  of  metal  fuel  (usually 
aluminium  or  aluminium-magnesium  alloys)  and  low-ionized  seed  (potassium  or  cesium 
nitrates)  to  obtain  high  conductivity  of  the  combustion  products  (more  than  50  Sm/m).  As 
the  metal  fuel  content  in  the  the  PPF  may  be  as  high  as  27-28%,  the  process  of  metal 
particle  agglomeration  at  PPF  burning  surface  should  go  more  intensively  than  the  same 
for  rocket  fuel  with  metal  content  of  1 8-22%. 

The  experimental  studies  show  that: 

1)  The  agglomerate  dimension  is  in  about  inverse  proportion  to  the  combustion  pressure. 

2)  The  distribution  function  of  agglomerates  by  size  is  of  bimodal  pattern;  the  first  mode 
particles  (up  to  10  mcm  in  size)  consist  completely  of  aluminium  oxide;  the  second  mode 
particles  (up  to  500  mcm  in  size)  still  contain  a  portion  of  active  non-burnt  aluminium. 

3)  With  a  pressure  increase  from  2  to  4  MPa,  the  large  agglomerate  content  decreases 
rapidly  in  condensed  combustion  products,  as  does  the  content  of  active  fuel.  As  pressure 
increases  further,  these  dependencies  become  smoother  and  from  6  to  8  MPa  these 
parameters  do  not  vary  at  all.  Thus,  the  most  preferable  PPF  combustion  pressure  in  the 
plasma  generator,  accounting  for  metal  combustion  completeness  factor,  is  within  the 
range  of  5-7  MPa. 

The  completeness  of  metal  combustion  depends  primarily  on  the  size  of  the  metal 
agglomerates  dispersed  from  the  burning  PPF  surface.  The  whole  variety  of  factors 
influencing  this  process  may  be  basically  reduced  to  the  two  controlled  parameters:  Z  - 
mass  metal  content  in  the  PPF  and  Pk  -  pressure  in  the  combustion  chamber.  To  determine 
the  dependence  of  non-burned  metal  content  in  condensed  phase  of  combustion  products 
on  these  two  parameters,  g(Z,  Pk),  results  of  complex  MHD-tests  of  various  PPF  with  the 
metal  content  Z  within  21  to  28%  at  pressures  within  3  to  6  MPa  in  the  full-scale  GP-77 
plasma  generator  with  residence  time  of  combustion  products  in  the  chamber  of  20  ms  were 
analyzed.  Just  such  generators  are  incorporated  into  the  "Pamir”  type  geophysical  MHD- 
facilities  [6].  Their  schematics  is  shown  at  Figure  1  taken  from  [8]. 
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Figure  1.  Full-scale  GP-77  plasma  generator.  1  -  propellant  charge;  2  -  body;  3  -  nozzle;  4  - 
ignitor. 


The  g(Z,  Pk)  is  shown  at  Figure  2;  this  curve 
limits  the  optimum  pressure  area  of  PPF 
burning  [8]. 

The  experimental  data  obtained  on  PPF 
burning  allow  a  physical  model  of  combustion 
product  plasma  formation  in  the  plasma 
generator  to  be  proposed  and  also  a  numerical 
ID  model  of  working  fluid  creation  in  the 
pulse  MHD-facilities  to  be  developed;  the 
model  represents  a  joint  equation  system 
including  hydrodynamics,  heat  and  mass 
transfer,  and  chemical  kinetics  in  multiphase 
media. 

Another  way  of  optimized  PPF  use  is  the  use  of  combined  plasma  generators,  where 
additional  oxidizer  is  delivered  into  the  combustion  chamber  [9].  Numerical  and 
experimental  studies  were  performed  of  such  generator  with  nitrogen  monoxide  and  air 
delivery  into  the  combustion  chamber.  Such  an  approach  provides  20  to  30%  output  power 
augmentation  and  allows  output  parameters  to  be  stabilized  or  controlled  within  a  wide 
range,  thus  reducing  unit  power  cost  released  in  the  load.  Another  means  of  delivering 
additional  oxidizer  is  to  use  specialized  pyrotechnical  oxygengenerating  compositions 
(OGC)  based  on  strontium  nitrate.  That  way,  the  plasma  generator  is  to  include  two  fuel 
charges  with  an  excess  of  fuel  and  oxidizer,  respectively. 

The  OGC  combustion  products  include  30-35%  of  nitrogen  and  70-65%  of  oxygen  at 
temperature  2000  K.  Injection  of  such  oxidizer  into  the  combustor  with  the  PPF  charge 
provides  the  plasma  temperature  beyond  4000  K  and  about  doubles  electrical  conductivity 
to  the  PPF  combustion  products.  While  burning  the  OGC,  it  is  necessary  to  provide  store 
of  the  condensed  combustion  products  (slag)  in  a  chamber  separated  from  the  main 
chamber  containing  the  ballestite  fuel  charge  thus  preventing  the  MHD-channel  from  the 
slag  fallout. 

On  this  basis,  the  plasma  generator  with  OGC  is  to  be  separately  charged  and  to  consist  of 
two  chambers:  a  hot  oxygen  generator  chamber  with  the  OGC  grains  (under  pressures  up 
to  10  MPa)  and  a  plasma  generator  combustion  chamber  with  powder  plasmagenerating 
fuel  charge  (under  pressures  of  3-5  MPa);  the  two  chambers  to  be  connected  in  series  via  an 
interface  nozzle  unit. 


Figure  2.  Detemination  of  effective  use 
field  for  plasmagenerating  propellant  [8]. 
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The  experimental  finishing  of  such  generator  design  has  resulted  in  stable  ignition  and 
burning  of  the  two  charges.  Thus,  combined  fire  tests  were  performed  of  the  separate 
charged  plasma  generator  incorporated  into  the  "Zond-l"  laboratory  MHD-facility. 

Another  way  to  create  plasmogenerating  fuels  and  combustors  for  pulsed  MHD- 
generators,  alternative  to  the  existing  PPF,  is  to  use  of  powder-type  fuel  compositions  an 
order  of  magnitude  cheaper  than  PPF  and  providing  similarly  high  output  parameters. 
Besides,  such  fuel  compositions  may  fit  more  strict  requirements  as  to  pulse  duration, 
repetition  frequency,  and  also  provide  operation  duration  of  the  MHD-facility  of  several 
tens  of  seconds,  the  last  being  highly  conjectural  for  powder  plasma  generators. 

Fuel  compositions  were  considered  based  on  carbon  and  solid  hydrocarbons  such  as  CioHs 
or  CuHio  with  addition  of  high  energy  fuel  (aluminium,  magnesium,  or  zirconium)  and 
low-ionized  seed  (potash)  burned  in  gaseous  (oxygen)  or  liquid  (nitrogen  tetroxide) 
oxidizer.  The  study  shows  that  carbon  particles  are  comparatively  large  in  size  (up  to  50 
mcm);  thus,  due  to  heterogeneous  burning,  its  complete  after-burn  does  not  take  place, 
lowering  the  plasma  electrophysical  parameters.  On  the  contrary,  hydrocarbon  fuel 
burning  is  preceded  by  their  thermal  decomposition  producing  gaseous  and  ultradisperse 
condensed  products;  thus,  their  energy  potential  may  be  almost  completely  realized  at 
residence  times  in  the  combustor  of  about  1-3  ms. 

On  the  basis  of  the  numerical  and  experimental  investigations,  a  full-scale  plasma  generator 
was  installed  where  the  preassigned  combustion  product  conductivity  level  was  attained. 

In  the  cases  when  pulses  are  needed  with  significantly  (3-4  orders  of  magnitude)  higher  with 
drastically  (5-6  orders)  shorter  duration,  explosive  MHD-generators  or  so-called  explosive 
magnetic  flux  (the  same:  magnetic  flux  cumulative)  generators  may  be  employed. 


EXPLOSIVE  MHD-GENERATORS 

In  the  explosive  MHD-generators,  enthalpy  conversion  into  electric  energy  takes  place 
under  the  conditions  of  shock  wave  gas  flow;  the  shock -wave-heated  front  has  a  specific 
heat  content  of  about  20  times  as  great  as  that  of  the  initial  explosive.  Six  models  of  linear, 
disk,  and  radial  explosive  MHD-generator  were  investigated  experimentally.  Generalized 
criterion  relationships  have  been  obtained  providing  full-scale  facility  designing  with 
preassigned  parameters.  Numerical  models  have  been  developed  that  satisfactorily  account 
for  the  physical  processes  in  the  MHD-channel  [10]. 

As  the  explosive  MHD-generators  are  non-destructive  energy  supplies  than  they  can 
operate  in  frequency  (repetitive)  mode  provided  by  systems  of  mechanical  charge 
replacement  and  electrical  commutation  (1  to  1000  Hz  depending  on  the  explosive  charge 
scale).  The  specific  energy  release  for  each  pulse  is  of  about  1  kJ  per  1  kg  of  the  installation 
mass.  Under  electrical  commutation  condition  a  frequency  of  1000  Hz  and  energy  level  of 
20  kJ  per  pulse  are  achievable.  For  mechanical  replacement  of  a  charge  these  features  are  5 
Hz  and  300  kJ.  Design  work  shows  that  total  300  kJ  pulse  number  may  range  up  to  5,  and 
20  kJ  pulses  -  up  to  30. 


MAGNETIC  FLUX  CUMULATIVE  GENERATORS 

Magnetic  flux  cumulative  (MC)  generators  may  produce  still  more  power  than  explosive 
MHD-generators  [11-13]. 

The  principle  of  MC  action  is  based  on  the  effect  of  magnetic  cumulation  during 
compression  of  magnetic  flux  by  a  metal  conductor  driven  by  the  detonation  products  of 
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HE.  A  typical  and  the  simplest  construction  consists  of  a  helical  coil  wrapped  around  a 
copper  cylinder  filled  with  high  explosives.  Permanent  magnets,  piezoceramics  or  a  small 
capacitor  supplies  an  initial  current  of  few  hundred  amps  that  creates  an  initial  magnetic 
field  in  the  gap  between  the  coil  and  cylinder.  The  explosion  compresses  the  magnetic  field 
and  pushes  it  out  into  the  load,  where  a  very  short  duration  high-power  electrical  pulse  is 
generated. 

MC-generators  are  unique  constructions  for  obtaining  super  high  magnetic  fields  under  the 
laboratory  conditions.  The  record  fixed  values  are  as  high  as  25  MJ  [11]  and  stable  values 
of  10-14  MJ  have  been  achieved  [14]  in  volumes  of  several  cubic  centimeters.  MC- 
generators  have  great  possibilities  as  pulsed  energy  sources.  Actually,  levels  of  energy  in  the 
is  load  up  to  100  MJ  [12],  currents  up  to  300  MA,  voltages  up  to  1  MV,  specific  energies  of 
100  kJ/cm^  and  specific  powers  of  10  MW/cm^  have  been  achieved.  Maximum  values  of 
energy  and  power  for  special  types  of  MC-generator  are  estimated  to  be  as  high  as  1  GJ 
and  1 00  TW. 


In  the  most  experiments  carried  out  to  date,  the  MC-generators  were  connected  to  low- 
inductive  loads  (1-100  nH),  resulting  in  high  explosive  chemical  energy  conversion 
efficiencies  of  up  to  10%  [12].  Recently,  with  advances  in  pulsed  power  technology,  the 
great  interest  has  been  in  the  potential  for  MC-generator  use  as  the  energy  source  for  non- 
traditional  high  impedance  loads  such  as  vacuum  diodes  [15,  16],  railguns  [17],  electron  and 
proton  accelerators  [18],  powerful  lasers  [19]  and  powerful  microwave  generators  [20-23]. 
To  realize  considerable  power  in  such  loads,  the  MC-generator  must  have  large  self 
inductance  and  produce  high  voltages  of  about  0.1-1  MV. 

To  achieve  a  wide  range  of  parameters  for  various  applications,  lots  of  the  MC-generator 
constructions  were  designed  to  solve  special  scientific  problems.  To  convert  the  chemical 
HE  energy  into  microwave  radiation,  three  types  of  compact  (mass  of  high  explosive  200- 
700  g)  high-voltage  helical  MC-generators  with  flux  trapping  were  designed  [24,  25]: 
cylindrical  generators  with  simultaneous  axial  charge  initiation  and  small-sized  cylindrical 
and  conical  generators  with  moving  contact  point.  The  main  feature  of  these  MC- 
generators  is  their  ability  to  produce  high  (50-200  KV)  voltage  pulses  directly  in  the 
generator  due  to  rapid  (5-15  mcs)  change  in  its  high  initial  inductance. 


The  MC-generator  with  flux 
trapping  (Figure  3)  consists  of  an 
outer  solenoid  Li,  inner  solenoid  Li 
and  copper  cylindrical  armature  Ls 
with  HE  charge  inserted.  The  initial 
magnetic  flux  in  the  L2  solenoid  is 
produced  either  by  a  current 
discharge  via  the  Co  capacitor  or 
using  the  Lp  "booster"  generator. 
The  HE  charge  is  initiated  at  the 
moment  of  the  first  current 
maximum.  The  detonation  products 
expand  the  armature;  the  latter 
shorts  out  the  secondary  circuit;  the 
magnetic  flux  is  pressed  and  pushed 
out  into  the  load.  In  the  case  of 
simultaneous  axial  initiation,  the 
armature  expands  as  a  cylinder  axial 
with  the  MC  helixes.  In  the  case  of 
single  point  initiation,  the  armature  takes  a  form  of  a  cone;  thus,  with  turns  of  the  inner 
helix  L2  are  shorted  out  successively.  The  current  rise  time  in  the  load  is  determined  by  the 
dynamics  of  the  armature  expansion. 


t  L2 

is] 
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Figure  3.  Schematics  of  the  MC-  generator  with 
flux  trapping 
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For  effective  MC-generator  operation,  large  values  of  the  inner  helix  inductance  are 
necessary.  If  the  operation  time  is  less  than  10  mcs,  high  time  derivatives  occur  of  the 
magnetic  field  in  the  MC- generator  volume  occur;  thus,  a  high  electric  field  appears, 
resulting  in  breakdowns  and  great  flux  losses.  Output  voltages  for  desired  parameters  may 
reach  the  values  as  high  as  50  KV.  Thus,  for  effective  MC-generator  operation,  it  is 
necessary  to  ensure  good  turn-to-turn  insulation,  insulation  between  armature  and  inner 
helix,  and  interhelix  insulation. 

However,  for  the  small-sized  MC-generator,  the  more  rigid  requirements  for  the  insulation, 
the  smaller  would  be  achievable  inductance  values.  In  a  MC-generator  with  simultaneous 
axial  initiation,  there  is  no  moving  contact  point;  thus,  the  inner  working  helix  was  covered 
inside  with  thick  layer  of  insulation. 

The  axial  MC-generator  consists  of  the  three  axis  details:  armature,  inner  solenoid  and 
outer  solenoid,  200  mm  in  length.  The  HE  charge  -  powdered  hexogen  of  m  =  600  g  - 
explosion  is  initiated  by  a  copper  exploding  wire  placed  in  the  axis  of  symmetry.  In  the 
cylindrical  MC-generator  with  a  moving  contact  point,  the  HE  charge  (m  =  200-400  g) 
explosion  was  initiated  by  an  electric  detonator  placed  at  the  butt-end. 

The  solenoids  were  winded  up  by  copper  ties  or  wires  on  PTFE  tube  with  rectangular 
helical  grooves,  and  then  were  glued  by  epoxy  resin.  The  insulation  between  the  inner  and 
the  outer  solenoids  was  made  as  several  turns  of  wide  kapton  film.  To  prevent  surface 
breakdown,  special  insulating  ribs  were  placed  and  glued  over  the  generator.  The 
armatures  were  made  of  copper  tubes  with  outer  diameter  of  50-70  mm  and  2.5  mm  in 
thick.  The  tubes  were  stretched  out  on  a  mandrel  and  then  were  externally  grind. 

Conical  MC-generators  are  faster  then  cylindrical  ones.  As  the  voltages  developed  in 
conical  MC-generator  are  higher,  fluoroplastic  insulated  wire  was  used  to  wind  the  helixes. 
The  axial  length  of  conical  solenoids  was  from  80  to  100  mm,  the  major  diameter  of  the 
stator  cone  was  104  mm  while  the  minor  diameter  varied  within  80-100  mm.  The  HE 
charge  mass  was  equal  to  200-300  g. 

Separate  test  series  were  carried  out  with  axial,  cylindrical,  conical  and  two-cascade 
generators  [22,  24,  25].  In  the  course  of  these  experiments,  currents  were  obtained  of  up  to 
90  kA  in  high  inductive  load  L  =  1-15  mcH  within  the  time  interval  of  15  mcs,  energy 
release  in  a  pulse  being  as  high  as  1 2  kJ.  The  maximum  flux  amplifying  coefficient  obtained 
was  equal  to  j  =  6,  with  corresponding  energy  amplifying  coefficient  being  y  =  20.  The 
shortest  run  time  -  of  about  5.7  mcs  -  was  realized  in  the  conical  MC-generators.  As  a 
whole,  the  conical  MC-generators  are  characterized  by  energy  amplification  coefficients  up 
to  y  =  2,3,  that  is  closed  to  maximum  value  for  this  type  of  generator. 

Current  and  voltage  pulses  obtained  in  axial  MC-generators  exibit  sharp  trailing  edges. 
Thus,  to  obtain  high  output  voltage,  one  should  use  the  residual  inductance  of  the  axial 
MC-generator  as  the  inductive  load.  In  the  experiments  with  exploding  wires,  this  device 
had  stood  up  the  voltage  pulses  up  to  200  KV.  However,  because  of  small  inductance 
reduction  (of  about  5)  the  energy  conversion  coefficient  turns  out  to  be  small:  y<33%. 

Cylindrical  MC-generators  show  high  flux  amplifying  values,  j  =  6.1  and  energy  amplifying 
y  =  20.  Such  cylindrical  devices  provide  up  to  90%  trapped  flux.  However,  its  run  time  is 
twice  as  great. 

The  MC-generators  considered  provide  low  energy  amplification.  They  need  to  use  special 
booster  generators  as  a  feeding  system.  To  start  up  a  MC-generator  with  simultaneous 
axial  initiation,  we  have  used  a  helical  MC  -  generator  [20]  with  an  output  energy  of  60  kJ. 
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Thus,  the  magnetic  generator  with  flux  trapping  works  as  a  high  voltage  pulse  forming 
system  only.  To  start  up  a  fast  conical  generator,  we  have  used  a  cylindrical  generator  with 

flux  trapping  and  an  output 


MC-generator 


VIRCATOR 


energy  up  to  5  kJ  [21,  22, 
25].  Figure  4  shows  the 
schematics  of  the  two 
cascade  (cylindrical- 

conical)  generator  with  HE 
mass  550  g.  Capacitor 
Co=100  mcF  charged  up  to 
3  kV  was  used  as  a  source 
of  initial  magnetic  field 
with  an  energy  of  about 
400  J.  The  booster 
cylindrical  generator  with 
flux  trapping  enlarges  the 
electric  energy  release  in  the 
load  -  the  external  coil  of 
the  fast  MC-generator,  The 
last  cascade  works  during  a 
time  interval  less  than 
1 0  mcs  providing  energy  of 
3-5  kJ  in  the  inductive 

storage  of  5  mcH.  The  total  energy  amplification  coefficient  for  this  generator  is  of  about 
y=10. 


Figure  4.  Experimental  schematics. 


The  most  promising  way  to  convert  energy  of  high  explosives  into  microwaves  seems  to  be 
use  of  the  MC-generator  as  a  pulsed  power  feeding  system  for  relativistic  generators  of 
coherent  microwave  radiation.  In  our  experiments  [20-22],  vircator  on  the  base  of  triode 
with  virtual  cathode  was  employed  as  a  source  of  coherent  microwave  radiation  at 
frequency  of  about  3  GHz.  In  that  generator,  oscillation  of  a  relativistic  electron  beam 
between  real  and  virtual  cathodes  produces  high  power  microwave  radiation.  Note  that  the 
electron  beam  was  successfully  produced  exceeding  the  space  charge  limiting  current 
without  any  bulky  system  for  external  magnetic  field. 

Thus,  the  original  transformerless  electrical  circuit  was  developed  for  the  high  power 
electron  beam  and  microwave  generation  [20,  21]  on  the  base  of  the  high  voltage  MC- 
generator  with  flux  trapping  (Figure  4).  A  small  capacitor  Co=IOO  mcF  charged  up  to  3  kV 
was  used  for  current  loading  of  the  "booster"  cylindrical  generator  with  flux  trapping  Ln 
(high  explosive  charge  mass  being  200-700  g)  and  thus  intensifying  the  electric  energy  of  its 
load  -  the  external  coil  of  high  voltage  MC-generator  Li  -  up  to  5  kJ. 

In  the  experiments  with  the  MC-generator  with  axial  initiation,  simple  helical  MC- 
generators  with  the  load  energy  up  to  60  kJ  were  used.  The  secondary  circuit  of  the  high 
voltage  MC-generator  was  crowbarred  at  the  moment  of  reaching  the  maximum  current  in 
the  Li.  With  the  liner  expansion  of  the  high  voltage  generator,  the  magnetic  flux  is 
"trapped"  by  the  L2  internal  solenoid  and  thus  produces  the  current  in  the  initiation  circuit 
-  exploding  wires.  The  high  voltage  MC-generator  operates  during  6-8  mcs  giving  the 
voltage  up  to  50-200  kV  and  the  current  up  to  30  kA. 

The  switch  consists  of  several  tens  of  parallel  copper  wires,  40-50  mcm  in  diameter  and 
with  length  of  0.5-1. 0  m,  immersed  in  nitrogen  under  pressure  of  0.5  MPa.  The  wire  sizes 
are  chosen  in  such  a  way  that  maximum  velocity  of  their  electric  resistance  growing  (the 
electrical  explosion  itself)  is  attained  at  the  very  end  of  the  MC-generator  operation.  As  the 
construction  of  the  high  voltage  generator  withstands  the  voltage  only  within  200  kV,  the 
Ln  inductive  storage  is  inserted  between  the  MC-generator  and  the  exploding  wires.  The 
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overvoltage  occurring  at  the  current  cutoff  results  in  a  spark  in  the  gap,  and  the  high 
voltage  pulse  enters  vircator  anode  producing  the  exploding  emission  from  the  cathode, 
formation  of  electron  beam  and  generation  of  microwave  radiation. 

Several  sets  of  experiments  were  performed  to  generate  electron  beam  and  microwave 
radiation  pulses  using  HE  energy.  The  output  currents  obtained  were  up  to  30  kA  and  the 
inductive  load  energy  was  up  to  3  kJ.  The  exploding  wire  parameters  were  also  varied 
because  the  most  profitable  regimes  were  searched  for  high  voltage  delivery  to  the  vircator. 
The  energy  required  for  the  wires  explosion  is  of  about  2-3  kJ;  hence,  the  total  MC- 
generator  output  energy  does  not  exceed  2-3  kJ. 

Thus,  the  high  voltage  pulses  up  to  600  kV  with  180-500  ns  duration  and  rise-time  of  about 
60  ns  are  delivered  to  the  vircator  inlet.  The  triode  current  amplitude  reaches  16  kA,  that 
corresponds  to  a  power  of  relativistic  electron  beam  of  about  1 0  GW.  The  peak  power  of 
microwave  radiation  into  atmosphere  has  come  to  100-120  MW  at  wavelength  of  10-^  cm, 
the  signal  duration  being  of  100-200  ns. 


MC-GENERATOR  USE  IN  GEOPHYSICS 

Recently,  a  suggestion  was  put  forward  for  use  of  MC-generators  in  geophysical 
investigations  similarly  to  that  of  pulsed  (geophysical)  MHD-generators.  The  peculiarity  of 
the  MC-generator  geophysical  employment  is  simultaneous  excitation  of  electromagnetic 
and  seismic  fields  with  adequate  parameters  for  the  geophysical  applications. 

The  MC-generator  may  produce  magnetic  dipole  moment  up  to  10^  A-m^  with  pulse 
duration  of  about  0.1  s  in  a  load  (inductor)  -  horizontal  circle  loop,  10  m  in  diameter,  with 
active  resistance  of  10*^  Ohm.  Sounding  with  such  loop  provides  that  the  dipole  condition 
is  met  beginning  from  distances  of  50-100  m  from  the  survey  center.  Than,  elastic  wave  is 
generated  with  energy  of  about  1  MJ  within  time  interval  of  about  10'^  s.  The  seismic 
source  represents  horizontal  force,  that  is  axis  symmetric  pressure  center;  thus, 
requirements  are  met  of  joint-depth-point  reflection  seismic  survey. 

Under  the  condition  of  simultaneous  electromagnetic  and  seismic  excitation,  a  series  of 
cross-effects  (including  those  non-linear)  may  be  manifested,  that  is  seismo-electrical, 
seism o-magnetic,  and  electro-seismic  effects.  Such  effects  were  always  subject  of  special 
interest  of  geophysics  because,  along  with  fundamental  knowledge,  such  effects  may 
provide  new  information  on  fine  structure  of  non-uniform  crust  media. 

The  table  shows  comparison  of  parameters  of  pulsed  MHD-generator  and  MC-generators 
against  their  use  for  geophysical  investigations. 

From  the  above  table,  one  may  see  that  for  a  depth  range  a  few  kilometers,  the  MC- 
generators  may  turn  out  to  be  promising  due  to  their  small  bulk  and  comparatively  low 
cost.  For  deeper  investigations  (up  to  10  km),  MHD-generators  beat  MC-generators.  Yet, 
more  detailed  comparative  analysis  of  performance  and  cost-effectiveness  for  the  two 
supplies  lies  ahead. 
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TABLE 

Comparative  Parameters  of  the  MHD-Generator  and  MC-Generator 


MHD-generator 

MC-generator 

Sounding  available: 

electromagnetic 

+ 

+ 

seismic 

- 

- 

Dipoles  available: 

electrical 

+ 

_ 

magnetic 

+ 

+ 

Power  produced 

10-40  MW 

1-10’  GW 

Pulse  diration 

up  to  10  s 

O.I-l's 

Energy  release  in  the  load 

lOOMJ 

100  MJ 

Load  parameters: 

resistance 

0.02-0.1  Ohm 

0.0004  Ohm 

inductance 

10  mH 

0.01  mH 

Size: 

electrical  dipole 

10  km 

_ 

magnetic  dipole 

2x2  km^ 

5  m  radius 

Magnetic  dipole  moment 

10^^A-m2 

10®  A-m2 

Sounding  depth 

4-6  km 

2-3  km 

Survey  mass 

15  ton  (without  the  load) 

1  ton  (with  the  load) 

*  Parameters  for  prospective  facilities 
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TWO-PHASE  FLAMES  -  A  POTENTIAL  METHOD  FOR 
MANUFACTURING  SUBMICRON  METAL  OXIDE  POWDERS. 


N. Ageev,  S.Kyro,  Yu.Kostishin 
Analog  Co.,  Odessa,  Ukraine 


ABSTRACT:  Submicron  metal  oxide  powders  formation  was  studied  in  premixed,  two-phase 
flames  of  metal  dust  clouds  in  order  to  investigate  the  effect  of  the  two-phase  flame  parameters: 
additional  energy  sources,  reactant  concentrations,  thermody  namics,  kinetics  and  diffusion 
properties  of  gas  system  on  the  physical-chemical  properties  of  the  final  product.  The  results 
obtained  showed  that  varying  the  flame  parameters  made  of  possible  to  change  the  burning 
mechanism  from  heterogeneous  to  vapor  phase  and,  hence,  to  produce  submicron  oxide  powders. 


In  recent  times  submicron  metal  oxide  powders  have  found  applications  in  an  increasingly  wider 
range  of  industrial  processes,  where  their  physical-chemical  properties  (particle  size  distribution, 
chemical  purity,  phase  structure  and  other)  arc  exploit.  Tiicse  properties  are  the  fundamental 
driving  force  for  researching  new  economical  synthetic  techniques  for  creating  a  number  of  metal 
oxides  with  do  not  exist  in  either  the  quantity  or  purity  to  be  useful. 

We  propose  to  use  two-phase  flames  of  metal  dust  clouds  for  manufacturing  submicron  metal 
oxide  powders.  Almost  all  peculiarities  of  this  method  arc  caused  by  die  greatly  exothermic 
reactions  involved  in  the  oxide’s  synthesis.  These  cause  high  burning  temperature,  absence  of 
outward  energy  expenses,  high  syntheses  yields  and  a  clean  transmutation  of  the  initial  metals. 
An  important  feature  of  this  method  is  that  the  syntheses  process  is  stationary  and  self-heating, 
which  leads  to  a  good  control  of  the  phase,  chemical  composition  and  particle  size  dispersion  of 
the  oxides  [1]. 

According  to  the  mechanism  of  the  metal  particle’s  combustion  in  a  two-phase  flame  we  can  note 
two  limiting  regimes  for  the  oxide  formation.  In  the  first  regime  (heterogeneous  mechanism  of 
particles  combustion,  for  example  iron,  zirconium)  the  oxide  formation  zone  is  localized  on  the 
particle  surface  -  therefore  the  oxide  and  metal  particles  size  distributions  are  rather  similar; 
several  crystalline  and  chemical  oxide  phases  arc  observed  in  the  final  product.  A  rather  different 
picture  emerges  in  the  second  regime  (vapor-phase  mechanism  of  particle  combustion,  for 
example  aluminum,  boron,  magnesium)  -  the  oxide  formation  zone  become  localized  in  gas  phase, 
potentially  producing  submicron  metal  oxide  powders  with  high  chemical  and  physical  purity  [2]. 

Therefore,  in  order  to  produce  submicron,  high-quality  metal  oxide  powders,  the  particle  must 
turn  according  to  the  vapor-phase  mechanism.  A  basic  requirement  of  this  mechanism  is  the 
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proximity  of  the  particle  burning  temperature  to  the  metal’s  boiling  point.  This  condition  may  be 
also  achieved  for  metals  which  turn  the  heterogeneously  by  varying  the  two-phase  flame 
parameters:  additional  energy  sources,  reactant  concentrations,  thermodynamics,  kinetics  and 
diffusion  properties  of  the  gas  system. 

In  this  paper,  we  experimentally  investigate  the  effect  of  these  parameters  on  the  physical- 
chemical  properties  of  the  final  product. 

Premixed,  two-phase  flames  of  metal  dust  clouds  were  studied  in  a  special  flame  reactor:  a 
detailed  description  of  the  reactor  and  the  experimental  methods  have  been  presented  in  paper  [2]. 
The  particle  size  distributions  of  the  samples  were  determine  by  counting  the  particles  with  an 
optical  microscope  (d  >  0.5|a),  or  an  electron  microscope  which  had  of  magnification  of  44200. 
The  phase  structure  of  the  samples  was  determined  by  the  X-ray  Debay-Cherer  method.  The 
chemical  composition  of  the  samples  was  studies  by  two  independent  methods:  by  product 
spectrum  and  by  active  valence  of  metal.  Zirconium,  aluminum,  and  iron  powders  with  average 
particle  diameters  of  about  10  micron  were  used. 

The  effect  of  the  thermal  conductivity  coefficient  and  initial  dust  cloud  temperature  was  studied 
for  premixed  laminar  flames  in  zirconium  dust  clouds  (P02  =  0.2,  mass  zirconium  concentration 
B=  600  mg/l).  It  was  found  that  changing  the  carrier  gas  from  mixtures  of  He+Oz  to  Ar-I-Oz  gave 
an  increasing  particle  burning  temperature  due  to  a  lowering  of  the  thermal  conductivity 
coefficient.  In  this  way,  the  portion  of  liquid  zirconium  which  evaporated  from  the  droplet  surface 
increased  and  submicron  oxide  formed  by  vapor-phase  reactions  around  the  molten  droplet. 


For  example,  the  mass  portion  of  submicron  zirconium  oxide  (particle  diameter  ~  0.05p,)  makes 
up  2-5%  for  He+Oz  mixtures,  whereas  for  Ar+Oz  mixtures  it  is  40-50%  -  Fig.l. 


Figure  1.  Electron  micrograph  (x44200)  of  particles  of  ZrOz 
average  diameter  0.043 ji. 
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Increasing  the  initial  dust  cloud  temperature  (pre-heating  to  5(X)K)  also  led  to  an  increased  particle 
burning  temperature  and  therefore  the  portion  of  submicron  oxide  in  final  product  increased.  It  is 
interesting  to  note,  that,  under  these  conditions,  hollow-microspheres  of  zirconium  oxide  appeared 
(mass  portion  more  than  20%,  average  sphere  diameter  -  40  micron,  wall  thickness  -  0.3p  - 
Fig.2).  This  was  caused  by  readily  soluble  gases  in  the  initial  zirconium  particles  inflating  the 
liquid  oxide  cover.  Hollow-microspheres  of  zirconium  oxide  are  not  formed  by  vacuum  drying  of 
the  initial  zirconium  with  temperature  400K. 


Figure  2.  Photograph  of  the  hollow  microspheres  Zr02. 


Figure  3.  Effect  of  O2  concentration  on  mass-composition 
of  final  products.  ®  -  FcO;  °  -  FC2O3. 


Oxygai  concetHration,  % 
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The  effect  of  oxygen  concentration  on  the  characteristics  of  the  final  products  was  studied  using 
premixed  laminar  flames  of  iron  dust  clouds  (B  =  400  mg/l ).  As  may  be  seen  from  Fig.3,  at  low 
oxygen  concentrations  the  final  product  is  a  fine  powder  of  iron  oxide  FeO  (average  diameter 
2.4|i).  A  submicron  powder  of  iron  oxide  y-  Fe203  (average  diameter  0,044|i)  appeared  with 
increasing  oxygen  concentration.  This  product  is  the  main  one  at  O2  concentration  more  than 
70%.  This  happens,  because  the  iron  paiticles’  combustion  mechanism  changes  from 
heterogeneous  to  gaseous  with  increasing  oxygen  concentration  (increasing  the  particle  burning 
temperature  more  than  200-500K).  Note,  that  submicron  powder  of  y-  Fe203  have  high 
magnetizability. 


The  effect  of  the  velocity  of  the  dust  cloud  flow  (Re)  on  the  characteristics  of  final  products  was 
studied  using  premixed  aluminum  dust  clouds  flames.  Chemical  and  dispersion  analysis  showed, 
that  quality  products  (monodispere  powder,  spherical  particle,  particle  diameter  -  0.098|i,  chemical 
purity  more  than  99.9%)  may  be  obtained  only  under  laminar  flow,  i.e.  in  stabile  synthesis 
conditions  (stationary  temperature  and  concentrations  fields)  -  Fig.4.  In  comparison  with  laminar 
flames,  turbulent  flames  gave  chemical  purity  of  less  than  98%  and  particle  sizes  from  0.1-10  p. 


Figure  4.  The  aluminum  laminar  conical- 
dust  flame  in  aii*. 
concentration  of  A1  -300  g/m^ 


The  results  obtained  showed  that  varying  the  flame 
parameters  made,  it  possible  to  change  the  burning 
mechanism  from  heterogeneous  to  vapor-phase  and, 
hence,  to  produce  submicron  oxide  powders.  The 
two-phase  flame  method  for  manufacturing 
submicron  metal  oxides  powders  combines  many 
important  advantages,  such  as:  the  possibility  of 
obtaining  grain  sizes  and  product  purity,  which  are 
unattainable  by  the  traditional  methods;  all-round 
ecological  purity;  high  productivity;  the  possibilities 
to  modify  the  particles  sizes,  crystal  forms  and 
powder  colors  within  wide  limits. 
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Abstract 

A  survey  of  pressure-driven  burning  of  solid  energetic  materials,  with  chemically  inert 
condensed  phase,  is  presented.  External  radiation,  if  any,  and  initial  temperature  are 
constant  parameters.  Intrinsic  stability  of  this  burning  configuration  is  discussed  by  a 
host  of  analytical  techniques,  implementing  the  Flame  Modeling  method  within  an  ap¬ 
propriate  AQSHOD  (Arrhenius  surface  pyrolysis,  Quasi-Steady  gas  phase,  Homogeneous 
condensed  phase,  One-Dimensional  sample)  framework.  In  particular,  the  effects  of  an  ex¬ 
plicit  pressure  dependence  of  the  concentrated  surface  pyrolysis  are  assessed.  The  classical 
results  by  Denison-Baum  and  Zeldovich-Novozhilov  of  the  corresponding  linear  adiabatic 
problem  are  fully  recovered  as  special  cases.  By  combining  an  exact  analysis  with  an  ap¬ 
proximate  nonlinear  integral  method,  a  possible  extension  of  the  steady  working  regime 
beyond  the  classical  linear  stability  boundaries  is  revealed.  In  this  regime,  the  common 
time-invariant  steady  burning  is  replaced  by  self-sustained  oscillatory  steady  burning.  This 
time-dependent  steady  regime  is  observed  up  to  the  proper  deflagration  limit  for  a  number 
of  operating  parameters.  Therefore,  in  general,  for  energetic  solid  materials  the  stability 
of  steady  burning  is  extended  from  the  linear  stability  boundaries  (of  the  time-invariant 
solution)  to  the  deflagration  boundaries  (of  the  self-sustained  oscillatory  solution).  For 
nonlinear  transient  burning,  dynamic  extinction  boundaries  are  revealed  as  well.  How¬ 
ever,  while  stability  boundaries  are  exactly  defined,  deflagration  and  dynamic  extinction 
boundaries  are  only  approximately  determined. 

NOMENCLATURE 

A,  R  =  nondim.  functions  defined  by  Eq.  7.1,  Eq.  7.2 
As  =  function  defined  by  Eq.  4.1,  (cm/s) /(atm”*) 
a,b=  nondim.  functions  defined  by  Eq.  3.2,  Eq.  3.3 

ax,rx  =  average  volumetric  absorption  coefficient  (cm“^),  burning  surface  reflectivity  (%) 
c  =  specific  heat,  cal/g  K 

=  activation  energy,  cal/mole 
=  R(,.,)/3?/T(...),  nondim.  activation  energy 
Fs  =  /s/[pcCre/n,re/(^s,re/  “  ^re/)],  Hondim.  reference  external  radiant  fiux 
f{X)  =  nondim.  function  describing  spatial  distribution  of  impinging  radiation 

)  =  Q(  )/\<^ref{T3,ref  ~  'T’re/)],  nondim.  reference  heat  release  (positive  if  exothermic) 

Is  =  external  radiant  flux  intensity,  cal/cm^s 
i  =  imaginary  unit 

K  =  nondim.  function  defined  by  Eq.  6.11 
k  =  (Ts  ~  Ti)  [dlnm/dTi]p,  ZN  steady  sensitivity  parameter 
Jk(  =  thermal  conductivity,  cal/cm  s  K 

*  Copyright  ©  1996  by  Luigi  DeLuca,  AIAA  Associate  Fellow.  All  rights  reserved. 
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m  =  mass  burning  rate,  g/cm^s 

n  =  pressure  exponent  of  steady  burning  rate;  also:  order  of  the  disturbance  thermal  profile 

N  =  numerator  of  the  right  hand  side  of  Eq.  8.2 

Ng  ~  radiation  fraction  absorbed  below  reacting  surface  layer 

Tig  =  pressure  exponent  of  surface  pyrolysis  law  defined  by  Eq.  4.1 

=  pressure  exponent  of  steady  surface  temperature  dependence  on  pressure 
P  =  pipref,  nondim.  pressure 
p  =  pressure,  atm 

Pref,Tref  =  reference  temperature  (300  K),  reference  pressure  (68  atm) 

Q  =  heat  release,  cal/g  (positive  if  exothermic) 

q  =  q/[PcCreff'b,Tef{T3,ref  “  ^re/)],  nondim.  reference  energy  flux 

qr  =  (1—  xjls/lpcCref^biTs  ~  Tref)],  absorbed  nondim.  external  radiant  flux 

r  =  ^dTg/dTi^^,  ZN  steady  sensitivity  parameter 

n  =  burning  rate,  cm/s 

'f'b,ref^Ts,ref  =  reference  burning  rate  r^{pref),  reference  surface  temperature  Ts(pref) 

R=  r^/rk,ref,  nondim.  reference  burning  rate 

Rp  =  mass  burning  rate  response  to  pressure  fluctuations,  nondim. 

5R  =  imiversal  gas  constant;  1.987  cal/mole  K 
T  =  temperature,  K 
t  =  time,  s 

<  >,<  rj  >  =  dim.  (g/cm^s)“^,  nondim.  average  gas-phase  characteristic  time  parameter 

u,  Ux  =  nondim.  temperature  disturbance,  nondim.  thermal  gradient  disturbance 
^pj^p(7)  —  nondim.  functions  defined  by  Eq.  6.10,  Eq,  6.8 
X  =  ! <^c->  nondim.  reference  space  coordinate 

X  =  space  coordinate,  cm 
Greek  Symbols 

a  =  thermal  diffusivity,  cm^/s;  also:  temperature  sensitivity  of  chemical  reactions  in  Eq.  6.4 
A?  =  overall  reaction  order  of  gas-phase  chemical  reactions  in  Eq.  6.5 
7  =  flame  elongation  parameter  for  distributed  flames 

6  =  d{h\fn,Tg)/d  (hip,Ti)  =  i/r  ~  ^k,  ZN  steady  parameter  (pyrolysis  Jacobian) 

Q  =  mCgIkgXf  =  >  =  7?^  <  rj  >,  a  nondimensional  quantity  used  in  Eq.  4.4 

e  =  (r  —  Tref)/(Tg^r€f  ~  '^ref),  nondim.  reference  temperature 

ir  ^  o-x  nondim.  ratio  of  conductive  to  radiant  layer  thickness 

Ai  =  (1  -f  \/i  -f  4in)/2,  complex  characteristic  roots  of  fluctuating  thermal  profile 

fi  =  \p^3/dlnp^^  /{Tg  ~Ti),  ZN  steady  sensitivity  parameter 

i'  =  [<9inni;/5lnp]j,^ ,  ZN  steady  sensitivity  parameter;  also:  frequency,  Hz 

^  =  thermal  disturbance  layer  thickness 

p  =  density,  g/cm^ 

<7p  =  steady  temperature  sensitivity  of  burning  rate,  1/K 
i  ^b,re//^c»  nondim.  reference  time  coordinate 
Cl  ~  ‘I'Kva.cIrl^  nondim.  circular  frequency 
bj  =  27rz/,  circular  frequency,  rad/s 
Subscripts 
bif  =  bifurcation 
c  =  condensed  phase 

c,s  =  burning  surface  from  the  condensed  phase  side 
g  =  gas  phase 

g,s  =  burning  surface  from  the  gas  phase  side 
p  =  pressure 
ref  =  reference 
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s  ~  burning  surface 
— oo  =  far  upstream 
(...)o  =  initial  value  in  time 
=  cold  boundary  value 

Superscripts 
(...y  =  fluctuating  value 
(...)  =  steady-state  value 
(...)  =  dimensional  value 

1.  BACKGROUND 

Following  the  pioneering  work  by  Zeldovich  [l]  in  1942,  two  main  approaches,  known  as  Zeldovich- 
Novozhilov  (ZN)  method  and  Flame  Modeling  (FM)  method,  have  emerged  to  study  unsteady 
combustion  of  solid  propellants.  Both  share  the  basic  assumptions  of  Quasi-Steady  gas  phase, 
Homogeneous  condensed  phase,  and  One-Dimensional  propellant  strand  (QSHOD  framework). 
Within  this  framework  and  for  pressure  perturbations  only,  linear  stability  analyses  were  first 
presented  by  Denison  and  Baum  [2]  in  1961  for  premixed  flames  and  Novozhilov  (e.g.:  [3]  [4]  [5]) 
in  1965  by  the  ZN  method.  Both  papers,  in  the  linear  approximation  of  the  problem,  relaxed  the 
assumption  of  constant  surface  temperature  until  then  accepted.  Systematic  investigations  were 
carried  out  by  Culick  for  a  variety  of  flame  configurations  (e.g.:  [6]  [7])  and  Krier  et  al.  (KTSS, 
[8])  for  diffusive  flames,  A  detailed  experimental  and  theoretical  investigation  on  pressure-driven 
frequency  response  was  performed  by  Brown  and  Muzzy  (BM,  [9])  for  a  generic  QSHOD  flame. 
The  results  obtained  by  the  writers  for  pressure-driven  burning,  by  implementing  an  exact  ap¬ 
proach  in  the  FM  framework,  were  reported  in  [10].  Another  approach  was  investigated  by  the 
senior  author  in  the  past  [11]  [12]  [13];  this  is  based  on  an  approximate  integral  method  [14]  fully 
preserving  the  nonlinear  nature  of  the  problem. 

Most  investigations  in  this  area  have  resorted  to  a  one-to-one  correspondence  between  burning 
rate  and  surface  temperature  (no  explicit  dependence  on  operating  parameters,  such  as  pressure 
for  example,  would  be  considered).  Following  the  recent  critical  revision  of  the  Arrhenius  pyrol¬ 
ysis  law  by  Brewster  and  coworkers  [15]  [16]  [17],  a  controversy  arouse  as  to  the  meamng  and 
relevance  of  surface  gasification  processes  depending  not  only  implicitly  but  also  explicitly  on 
pressure  (in  particular).  In  technical  jargon,  the  pyrolysis  Jacobian  is  not  necessarily  zero.  This 
point  will  be  discussed  in  detail,  but  excluding  possible  explicit  effects  from  other  controlling 
parameters.  Typically,  radiation  and  initial  temperature  are  considered  constant  parameters 
(not  necessarily  having  standard  values). 

The  purpose  of  this  paper  is  to  offer  a  survey  of  pressure-driven  burning  intrinsic  stability  by 
including  the  effects  of  explicit  pressure  dependence  of  surface  gasification.  The  condensed  phase 
is  assumed  chemically  inert.  The  classical  QSHOD  assumptions  are  retained.  The  concentrated 
surface  gasification,  tacitly  assumed  in  the  QSHOD  framework  and  anyway  enforced  by  most 
investigators,  is  a  pure  phenomenological  approach.  No  attempt  is  made  in  this  paper  to  go 
beyond  these  phenomenological  limits;  for  details,  see  [18]. 

2.  FORMULATING  THE  MASTER  QSHOD  PROBLEM 

A  one-dimensional  strand  of  homogeneous  material  is  assumed  burning  with  a  quasi-steady  gas 
phase  subjected  to  changes  in  time  of  pressure  only.  Thermophysical  properties  are  assumed  to 
be  at  most  pressure  dependent.  The  strand  is  burning,  with  no  velocity  coupling,  in  a  vessel 
at  uniform  pressure;  radiation,  if  any,  consists  of  a  constant  collimated  radiant  flux  originated 
exclusively  from  a  continuous  external  source  of  thermal  nature  and  interacting  exclusively  with 
the  condensed  phase.  Overall,  assume  no  radiation  scattering,  no  photochemistry,  no  condensed 
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phase  chemical  reactions,  and  no  external  forces.  Define  a  Cartesian  axis  with  its  origin  anchored 
at  the  burning  surface  and  positive  in  the  gas-phase  direction.  Nondimensional  quantities  are 
obtained  by  taking  as  reference  those  values,  maybe  only  nominal,  associated  with  the  conductive 
thermal  wave  in  the  condensed  phase  under  adiabatic  burning  at  68  atm. 

Let  the  condensed  phase  {X  <  0)  be  a  semi-infinite  slab  of  uniform  and  isotropic  composition, 
and  01  a  fixed  value.  The  energy  equation  and  associated  conditions  [10]  [13]  [19]  [20]  are 


(2.1) 

e(A",r  =  0)  =  ©o(X<0) 

(2.2) 

Q{X  — ►  — oo,r)  =  ©1 

(2.3) 

9o,.  =  Qs.s  +  R{e,)H,  +  (1  -  N,){1-  r^)F.(r) 

(2.4) 

where  Ng  —  exp[— as  suggested  in  [21]  and  [16]  based  on  [22].  The  (net)  heat  release  Hg 
of  gasification  reactions  concentrated  at  the  burning  surface  is 

H.{p,  e.)  =  H,(p)  +  ^^(0.  -  e.) 

Cc 

where  the  dependence  Hg{P)  under  steady-state  operations  is  assumed  known.  In  this  paper, 
only  the  particular  case  of  pressure-driven  burning  (with  or  without  a  constant  external  radiation 
support)  is  considered.  Under  these  circumstances,  the  nontrivial  time-invariant  steady-state 
solution  is 

Q{X)  =  01  +  (0,  -  0i)  exp(:RX)  (2.6) 


(2.5) 


In  the  QSHOD  framework,  analysis  of  the  intrinsic  stability  for  pressure-driven  burning  does 
not  require  formulating  a  specific  pyrolysis  law  as  long  as  the  surface  mass  production  is  a 
mathematically  smooth  and  monotonic  increasing  function  of  surface  temperature,  as  in  general 
observed  for  one-step,  irreversible  gasification  processes.  Likewise,  a  specific  flame  model  is 
not  required  as  long  as  the  heat  feedback  is  a  mathematically  smooth  and  imimodal  function 
of  burning  rate  (i.e.,  only  a  maximum  value  exists),  as  indeed  observed  for  one-phase,  laminar, 
nonviscous,  low-subsonic,  thermal  flames.  In  this  respect,  the  authors  propose  to  call  this  general 
framework  a  master  QSHOD  model.  The  treatment  will  be  conducted  in  general  terms  as  far 
as  possible.  But  specific  submodels  will  be  needed  to  assess  quantitative  trends. 

3.  EXACT  INTRINSIC  BURNING  STABILITY 

The  master  QSHOD  problem  is  reformulated  as  an  initial  value  problem  for  an  abstract  nonlinear 
parabolic  equation,  in  an  infinite-dimensional  normed  functional  space  (Banach  space)  consisting 
of  thermal  profiles.  Assume  that  the  initial  thermal  profile  0o(X)  deviates  from  the  pertaining 
time-invariant  steady  profile  by  a  small  but  finite  disturbance  uo(X)  =  ©o(X)  —  0(X)  and  define 
the  finite  temperature  disturbance,  propagating  inside  the  condensed  phase,  as 

u{X,  r)  =  e{X,  r)  -  e{X)  (3.1) 

The  long  time  asymptotic  behavior  of  u(X,  r)  is  investigated  using  a  generalized  version  of  the 
linearized  stability  principle  for  semilinear  parabolic  equations  [23]  [24].  Under  steady  operating 
conditions,  including  any  implicit  and/or  explicit  pressure  dependence  of  the  surface  pyrolysis, 
the  QSHiOT  problem  of  Eqs.  2.1  -  2.4  admits  a  unique  time-invariant  steady-state  nontrivial 
solution  {R  >  0)  if  the  propellant  burns  under  adiabatic  conditions  or  subjected  to  a  positive 
heat  flux.  For  pressure-driven  burning,  the  relevant  stability  properties  can  be  collected  under 
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only  two  nondimensional  parameters,  a  and  6,  respectively  defined  in  terms  of  burning  surface 
and  gas-phase  properties  [25]  as 


6  = 


0  J-% 

dR 


dOs 


J  ©,=©- 


(3.2) 

(3.3) 


In  general  a  >  0  while  —  oo  <  6  <  -foo;  both  parameters  implicitly  depend  on  the  radiant  flux 
as  well  (if  any). 

If  the  real  part  of  one  or  both  of  the  discrete  eigenvalues  of  a  suitably  defined  linear  operator 
is  positive,  the  solution  is  unstable;  if  the  real  part  of  all  eigenvalues  is  negative  or  the  discrete 
spectrum  is  empty,  the  solution  is  stable.  If  a  pair  of  purely  imaginary  eigenvalues  arises,  then  the 
nature  of  the  intrinsically  stable  solution  changes  from  time-invariant  to  self-sustained  oscillatory; 
this  switch  of  stability  character  for  the  steady  solution  is  called  ffopf  bifurcation  (for  details, 
see  [26]  p.  333).  In  general,  stability  results  can  be  summarized  in  a  3D  plot  where  the  intrinsic 
burning  stability  and  instability  regions  are  separated  by  a  surface,  across  which  Hopf  bifurcation 
occurs,  and  a  plane  over  which  at  least  one  eigenvalue  is  zero  [19]  [20].  For  a  full  discussion,  see 
[27].  For  pressure-driven  burning  regime,  the  bifurcation  surface  reduces  to  a  bifurcation  line 
2a  =  b{b  —  1)\  likewise,  the  bifurcating  frequency  reduces  to  Q.bif  =  (6  —  l)/2yjb{b  —  2).  The 
intrinsic  burning  stability  condition  for  small  but  finite  size  disturbances  is  determined  as:  b  <  I 
always  stable,  while 

6  >  1  stable  if  a  >  max  It  —  1,  2  ~ 


shown  as  a  solid  thick  line  on  Fig.  1.  The  region  between  the  straight  line  6=1  and  the  parabola 
4a  =  6^  is  where  eigenvalues  with  imaginary  parts  arise;  the  iso-frequency  lines  (constant  Q) 
lying  in  this  region  are  indicated.  Just  at  the  stability  boundary,  this  frequency  pertains  to  the 
self-sustained  oscillatory  burning  (fi  =  n^^y). 

These  findings  exactly  recover  the  classical  parabolic  pressure-driven  linear  stability  boundaries 
first  discovered  by  Denison  and  Baum  for  premixed  flames  [2]  and  Novozhilov  by  the  ZN  method 
(e.g.:  [3]  [4]  [5]).  Likewise,  the  boundaries  determined  by  KTSS  [8]  and  BM  [9]  respectively  for 
distributed  flames  and  a  generic  QSHOD  flame  are  also  recovered.  In  particulat,  the  parabolic 
boundaries  found  by  the  FM  and  ZN  methods  are  seen  to  exactly  overlap  in  Fig.  1. 


4.  THE  AQSHOD  PROBLEM 

To  assess  quantitative  trends,  specific  submodels  for  the  surface  pyrolysis  and  gas-phase  transient 
flame  need  to  be  implemented.  The  test  case  is  a  model  propellant  whose  properties  were  listed 
in  [10]  p.  811. 

4.1.  Surface  Pyrolysis 

Let  the  burning  surface  be  an  infinitesimally  thin  planar  surface  subjected  to  one-step,  irre¬ 
versible  gasification  processes.  The  Arrhenius  exponential  law,  commonly  used  for  concentrated 
pyrolysis,  in  dimensional  terms  is 

nip,  Ts)  =  .4sp"'  exp(-^)  (4.1) 

For  the  explicit  pressure  dependence,  a  power  law  with  finite  Ug  is  commonly  accepted.  In 
principle,  the  power  should  be  evaluated  experimentally.  But  it  is  shown  in  a  companion 
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Nont^m.  StabIHty  ^mnmter,  b 

Figure  1.  QSHOD  intrinsic  stability  map  for  pressure-driven  burning.  The  thick  solid  line 
is  the  exact  linear  stability  boundary  recovering  the  classical  adiabatic  FM  results  by  Denison  and 
Baum  (sharp  premixed  flames)  and  ZN  results  by  Novozhilov.  Frequency  of  the  self-sustained 
oscillatory  burning  is  parametrically  plotted. 


NontMm.  Stability  Pamimter,  b 

Figure  2.  QSHOD  intrinsic  stability  map  for  pressure-driven  burning  showing  the  effects 
of  pressure  and  surface  heat  release  with  no  pressure  dependence  of  overall  surface  pyrolysis 
[ris  -  0).  Test  propellant  for  the  indicated  set  of  operating  parameters. 
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paper  [18]  that  for  piecewise  continuous  functions 


Us  =  n  —  riTg 


A 


(4.2) 


being  n  and  ut,  evaluated,  respectively  by  steady-state  burning  rate  =  rbref{p/Pref)^  and 
surface  temperature  Ts  =  '^3,re/(p/Pre/)”^’  measurements,  over  each  pressure  interval  obtained 
by  properly  splitting  the  whole  pressure  range  of  interest.  This  relationship  can  be  seen,  for 
Arrhenius  pyrolysis,  as  the  FM  version  of  the  ZN  local  relationship 


(4.3) 


recently  discussed  by  Brewster  and  coworkers  [15]  [16]  [17]  and  in  turn  derived  from  the  Jaco¬ 
bian  6  =  d{lnm,Ts)/d{\np,Ti)  ^  i/r  -  fik  of  the  four  steady  sensitivity  parameters  used  in 
the  ZN  formulation  (e.g.,  see  [5]).  Due  to  the  practical  importance  of  the  Arrhenius  kind  of 
pyrolysis,  this  particular  problem  is  conveniently  called  the  AQSHOD  (Arrhenius  surface  pyrol¬ 
ysis,  Quasi-Steady  gas  phase.  Homogeneous  condensed  phase,  and  One-Dimensional  propellant 
strand)  problem  and  will  specifically  be  addressed  in  this  paper. 


4.2.  Trsinsient  Flame  Model 

This  aspect  of  the  problem,  already  described  elsewhere  [10]  [20],  is  only  quickly  summarized 
here.  The  flow  is  assumed  to  be  one-phase,  laminar,  nonviscous,  low-subsonic,  and  with  Lewis 
number  =1.  For  distributed  flames  of  thickness  Xf  with  the  maximum  heat  release  rate  site 
approaching  the  burning  surface,  the  nonlinear  heat  feedback  [13]  in  non  dimensional  terms  is 

=  (4.4) 

C/ 


where 


F(7)  =  1  - 


(-1)''7! 

(C/)" 


7 


exp(-C/)  + 


(-i)V 

(T-i)KC/)‘ 


(4.5) 


being  Q  =  >  &  quantity  to  be  properly  evaluated  at  the  flame  front.  The  additional 

assumption  of  flames  linearized  in  the  exponential  term,  i.e.,  large,  can  be  invoked  to  ana¬ 
lytically  compute  frequency  response  functions.  The  parameter  7  is  used  to  describe  the  space 
elongation  of  the  flame:  for  7  =  0  the  standard  KTSS  transient  flame  model  is  recovered,  while 
7  >  0  deals  with  distributed  flames  of  larger  thickness. 


5.  PRESSURE  DEPENDENCE  OF  ARRHENIUS  PYROLYSIS 

The  effects  of  finite  Us  are  now  discussed.  A  critical  revision  of  the  commonly  implemented 
Arrhenius  pyrolysis  law  and  importance  of  surface  dynamics  was  recently  conducted  by  Brewster 
and  coworkers  [15]  [16]  [17].  Their  criticism  of  the  current  state  of  the  art  is  at  least  partly 
shared,  but  no  distributed  gasification  process  is  considered  in  this  instance.  Let  us  start  by  the 
simplest  point  of  view:  a  constant  value  of  is  enforced  to  describe  a  possible  explicit  pressure 
dependence  of  the  surface  pyrolysis.  For  the  selected  test  propellant,  the  intrinsic  stability  map 
for  ria  =  0  is  shown  in  Fig.  2,  to  be  contrasted  with  Fig.  3  where  ==  —0.3  and  +0.3  were 
enforced.  In  all  figures,  only  pressure-driven  burning  is  considered.  From  a  visual  inspection 
of  these  figures,  the  effect  of  parametrically  variable  is  clear;  while  a  positive  sensibly 
favors  stability,  a  negative  favors  instability  (in  that  the  intrinsic  stability  boundary  is  past 
beyond).  The  same  conclusion  can  be  reached  by  analyzing  the  pressure-driven  linear  frequency 
response  function;  see  Fig.  4.  Although  the  detailed  trends  are  complex,  in  general  the  values 
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Figure  3.  QSHOD  intrinsic  stability  map  for  pressure-driven  burning  showing  the  effects  of 
pressure  and  surface  heat  release  with  pressure  dependence  of  overall  surface  pyrolysis  (n,  ^  0). 
Instability  is  favored  by  negative  values  of  while  stability  is  favored  by  positive  values  of  rig. 
Test  propellant  for  the  indicated  set  of  operating  parameters  (n^  =  —0.3  and  rig  =  +0.3). 


Figure  4.  Linear  pressure-driven  frequency  response  function  demonstrating  effects  of  finite 
Tig  values.  Test  propellant  for  the  indicated  set  of  operating  parameters  {rig  =  —0.3,  0,  +0.3). 
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of  Qs  forcing  an  unbounded  limit  of  the  frequency  response  confirm  those  expected  from  the 
stability  plots:  for  n,  -  -0.3,  0,  +0.3  the  values  Qs  =  111.99,  137.69,  171.95  cal/g  at  1  atm  and 
Qs  =  173.85,  181.76,  190.42  cal/g  at  30  atm  are  found.  Notice  that  increasing  Ug  also  implies 
decreasing  values  of  the  resonance  frequency;  see  Table  1. 

Numerical  simulations  of  relaxation  transients  confirm  the  validity  of  the  analytical  expectations; 
see  Fig.  5.  The  critical  values  of  Qg  at  the  crossing  of  the  linear  stability  boundary  can  be 
assessed  by  a  numerical  go/no-go  procedure.  A  very  good  agreement  is  found  with  the  analytical 
expectations.  For  each  tested  value  of  n^,  a  burning  relaxation  transient  for  Qg  less  than  the 
critical  value  always  keeps  its  initial  time-invariant  steady  configuration;  for  Qg  larger  than 
the  critical  value,  the  burning  relaxation  transient  sooner  or  later  switches  from  its  initially 
assigned  (presumed  time-invariant)  steady  configuration  to  a  self-sustained  oscillatory  steady 
configuration.  For  example,  for  =  -0.3,  0,  +0.3  (see  Fig.  5)  the  bracketing  values  at  1  atm 
were  respectively  determined  as  Q,  =  111  -  112,  137-138,  172  - 173  cal/g,  to  be  compared  with 
the  corresponding  frequency  response  results  in  Table  1.  Better  accuracy  would  be  gained  by 
higher  numerical  precision.  While  the  induction  time  for  this  combustion  regime  switch  depends 
on  the  detailed  burning  history  and  in  general  cannot  be  predicted,  burning  frequencies  agree 
well  with  the  analytical  expectations.  Typical  values  are  summarized  in  Table  1. 

The  same  general  trend  is  observed  for  pressure-driven  burning  under  constant  radiation.  The 
effect  of  parametrically  variable  Ug  is  again  tangible:  while  a  positive  Ug  sensibly  favors  stability, 
a  negative  Tig  favors  instability.  However,  under  constant  radiation  these  effects  are  restricted  to 
the  low  range  of  pressure  and^r  radiant  flux  explored.  As  matter  of  fact,  for  large  pressures  and 
even  more  so  for  large  radiant  flux,  the  gradual  conversion  of  the  radiation-sustained  combustion 
wave  into  an  ablation  wave  makes  burning  more  and  more  stable  (see  detailed  discussion  in  [19] 
and  [20]).  Larger  values  of  radiant  flux  make  pressure  less  influential.  The  same  conclusion  can 
be  reached  by  analyzing  the  pressure-driven  linear  frequency  response  function  in  the  presence 
of  a  constant  radiant  flux. 


Table  1 


1  operating  conditions 

computed  values 

p,  atm 

Tig 

Qs  critical,  cal/g 

n  critical 

1 

-0.3 

111.99 

4.786 

1 

0 

137.69 

4.751 

1 

+0.3 

171.95 

4.169 

30  1 

-0.3 

173.85 

4.169 

30 

0 

181.76 

4.074 

30 

+0.3 

190.42 

3.981 

What  is  a  suitable  value  for  n^?  For  piecewise  continuous  functions,  the  general  expression  of 
Eq.  4.2  [18]  shows  that  Tig  is  a  function  of  other  surface  steady  parameters.  As  an  example,  the 
stability  map  of  Fig.  6  was  obtained  for  a  modified  test  propellant  {Eg  —  16, 100  cal/mole,  based 
on  an  industrial  composite  propellant  of  national  production).  The  switch  of  the  controlling 
mechanism  from  a  diffusive  to  a  premixed  flame,  for  a  pressure  very  close  to  the  atmospheric 
value,  is  responsible  of  the  apparent  break  of  burning  features  and  subsequent  distinct  Ug  increase 
in  the  subatmospheric  range.  The  dependence  of  Ug  on  operating  conditions  is  illustrated  in  Table 
2:  Tig  increases  with  increasing  pressure  and  decreasing  surface  activation  energy.  However,  under 
all  tested  circumstances,  for  pressure-driven  burning  Ug  is  found  to  feature  limited  values  around 
zero.  Yet  its  effects,  although  modest  on  steady-state  burning,  may  be  relevant  for  unsteady 
regimes,  as  shown  next  section.  Similar  remarks  were  made  by  Brewster  and  coworkers  in  the 
ZN  framework  [15]  [16];  but  differences  too  exist  due  to  the  overall  Arrhenius  pyrolysis  used 
here.  For  details,  see  [18]. 
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Figure  5.  Go/no-go  numerical  validation  showing  agreement  with  analytical  expectations 
(exact  intrinsic  stability  theory  and  unbounded  limit  of  linear  frequency  response).  Test  propel¬ 
lant  for  the  indicated  set  of  operating  parameters  (pressure-driven,  =  —0.3,  0,  -hO.3). 
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Figure  6.  QSHOD  intrinsic  stability  map  for  pressure- driven  burning  showing  the  effects 
of  computed  over  a  large  pressure  range.  Modified  test  propellant  for  the  indicated  set  of 
operating  parameters  (E5  =  16, 100  cal/mole). 
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Table  2 


Illustrating  Ug  Dependence  on  Operating  Conditions. 


pressure 

1 

p,  atm 

2.558E-02 

r-w- 

1.152E-01 

1.623E-02 

1.090E-01 

8.653E-03 

9.869E-02 

-4.189E-03 

10 

7.556E-02 

-3.290E-02 

2 

3.938E-02 

-7.779E-02 

IHHHi 

2.292E-02 

-9.821E-02 

1.711E-01 

2.608E-01 

1.667E-01 

2.571E-01 

6.  LINEAR  FREQUENCY  RESPONSE  FUNCTION 

Another  way  to  assess  intrinsic  stability  of  a  combustion  configuration  is  by  means  of  the  un¬ 
bounded  response  limit  of  the  frequency  response  function  for  the  linear  approximation  of  the 
problem.  Fluctuations  of  burning  rate,  subsequent  to  an  externally  controlled  sinusoidal  fluc¬ 
tuation  of  pressure  with  angular  frequency  u,  are  sought  for.  Thus,  pressure-driven  frequency 
response  is  a  complex  function  defined  as 


^  m'/m 

P/p 


(6.1) 


The  basic  mathematical  assumption  of  linear  theories  is  that  all  time-dependent  variables  (...) 
can  be  expressed  as  the  sum  of  a  steady-state  value  (...)  and  a  small  disturbance  of  the  type 
whose  amplitude  has  to  be  determined  but  is  always  much  smaller  than  the  steady-state 
counterpart. 


6.1.  Standard  ” Two- Parameter”  Form 

All  QSHOD  frequency  response  functions,  for  both  FM  and  ZN  methods,  can  be  cast  in  the 
standard  ’’two  parameter”  form  [6].  From  a  formal  viewpoint,  a  ’’universal”  law  for  pressure- 
driven  frequency  response  functions  can  be  established.  Only  parameter  B  (essentially  related  to 
the  flame  description)  takes  different  values  for  different  burning  configurations,  while  parameter 
A  (related  to  surface  pyrolysis)  is  not  affected;  see  also  Section  7. 


6.2.  Pressure-Driven  Frequency  Response 

For  pressure  fluctuations,  a  general  expression  allowing  radiation  background  [15]  [16]  is 

TiAB  •+  77.^(Ai  —  1) 


X,  +  ^^-(l  +  A)  +  AB-  Mr 


(6.2) 


whose  equivalent  ZN  expression,  as  re-formulated  by  Son  and  Brewster  [21],  is  obtained  with 
A  =  /c/r,  B  =  l/k,  n  =  and  ng  —  S/r  (6.3) 


At  any  rate,  the  static  limit  Rp{uJ  0)  =  n  (FM)  or  (ZN)  is  defined  by  the  experimental 
steady  burning  rate  law,  while  Ug  (FM)  or  its  equivalent  S/r  (ZN)  play  an  explicit  role. 
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•  For  adiabatic  pressure-driven  sharp  flames,  find 


D  _  D  —  ^5  1 

D  —  D  sharp  — - T' 


2Es~ 


CqT  s 


Q^-c,{Tf-Ts) 


Cc  A  (ag  -f  Eg)T s 


CgT  5 


valid  for  arbitrary  if  simultaneously 

ns  =  n+  EsiPg  -  2n) 


Qg  Cg{T  f  Tg) 

Qg^Cg{Tf-Ts) 


CgTg 


yielding,  thanks  to  Eq.  4,2,  the  following  constraint 


i3,  =  2n-nT, 


Q,-c,{T,-T,) 

For  adiabatic  pressure-driven  distributed  flames  (7  -  0, 1)  with  arbitrary  n^,  find 


W;(7)  =  n 


2'r^Hg  c,l-n,ln 


2{7  +  1)(1-^)^  + 

■  C/  C/  <=■ 


where  both  parameters  are  convenient  generalizations  of  the  corresponding  quantities 


5  =  + 

n  c,.  A 


(6.4) 

(6.5) 

(6.6) 

(6.7) 

(6.8) 

(6.9) 


Wp  =  n[2(l  -  H,)  +  (6,10) 

Cc  Wg 

previously  introduced  by  Culick  (p.  26  of  [7]). 

•  For  radiation-assisted  pressure- driven  flames,  whether  sharp  (see  Eq.  6.4)  or  distributed 
(see  Eq.  6.7),  parameter  B  has  to  be  augmented  by  'q^. 

6.3.  Unbounded  Response  Limit 

By  putting  the  denominator  of  iTp  =  0  in  Eq.  6.2,  a  complex  equation  is  obtained.  This 
defines  the  QSHOD  stability  boundaries  and  related  frequency  laws  of  pressure-driven  linear 
burning  for  both  FM  and  ZN  approaches.  These  boundaries  correspond  to  the  condition  of 
unbounded  response  of  the  burning  propellant  even  for  vanishing  fluctuations  of  pressure  and 
were  first  identified  by  Denison  and  Baum  [2]  for  adiabatic  sharp  flames.  In  the  FM  approach 
[19]  [20]  with  surface-driven  burning  (no  radiation  penetration,  if  any),  the  stability  boundary 
is  found  as  A  =  K{K  —  l)/2,  while  the  frequency  of  the  unbounded  response  is  given  by 
~  [(^“  1)/2]y^/^(/^  —  2)  requiring  K  >  2ioi  real  Q.  These  results  were  separately  obtained 
for  sharp  [28]  and  distributed  [29]  flames.  As  matter  of  fact,  for  both  configurations  [30]  one  can 
write 

K^l  +  A-AB  (6.11) 

but  the  actual  expressions  of  K  are  different  because  the  proper  value  of  B  has  to  be  introduced 
(see  Eq.  6.4  for  sharp  flames  and  Eq.  6.7  for  distributed  flames)  possibly  augmented  by  q^,. 
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7.  COMPARING  AQSHOD  INTRINSIC  STABILITY 


In  their  classical  analysis  of  premixed  flames  Denison  and  Baum  [2]  introduced  three  parame¬ 
ters  {AdB)  otDB^  and  (Jjdb)  and  formulated  the  instability  condition  for  a  steady-state  burning 
propellant  as  q^s  >  1  and  -Qdb-  ‘2. Abb  >  0,  exactly  matching  the  ZN  stability  conditions 
(see  also  p.  623  of  [5]).  A  full  discussion  is  reported  by  Williams  [26];  see  in  particular  pp. 
330-335.  Similar  results  were  later  found  by  KTSS  [8]  for  diffusion  flames  and  BM  [9]  for  a 
generic  QSHOD  flame,  again  using  three  parameters  (respectively  Wg^  Bktss^  ^ktss  and  Abm^ 
Bbm^  Bbm)- 


In  the  AQSHOD  linear  regime,  a  complete  formal  equivalence  between  FM  and  ZN  frameworks 
exists,  including  the  unbounded  response  limit  of  pressure-driven  frequency  responses,  if  one 
recognizes  _  _ 


A  =  Abb  =Wg~  Abm 


Eg  Tg  —  Ti 
^Tg  Tg 


(7.1) 


„  _  n  -  rig 

n  =  aBB  =  dktss  —  - 

n- rig 


l-j-A  —  K  \  a  —  h  1  1 

A  a  k  (Tp(T3  -  Ti) 


(7.2) 


k  1  Eg  aJTg  -  Ti)  -  1 

AT  =  qBB  =  Aktss  ~  Bbm  =  1  +  A  —  AB  —  6—1-1  -  —  1-1-  — =  — (7.3) 

T  V  JuJ  5  3 

where  in  general  all  parameters  are  pressure  dependent.  The  positions  in  Eqs.  7.1  -  7.3  make  all 
the  relationships  reported  above  for  the  stability  boundary  and  oscillation  frequency  equivalent 
and  interchangeable,  and  thus  independent  on  the  specific  flame  model  or  approach  (ZN  vs. 

FM). 

Notice  that  actually  only  two  parameters  are  needed,  as  first  recognized  in  the  ZN  approach 
[3].  Indeed,  all  methods  (each  within  its  validity  limits)  yield  the  same  linear  intrinsic  stability 
boundary  as 

a  =  (FM)  or  r  =  (ZN)  (7.4) 

and  the  same  frequency  of  the  oscillatory  solution  just  at  the  stability  boundary  as 


n«/  =  ^-j^^b(b-2)  (FM) 


or  (ZN) 


This  last  result  recovers  in  particular  the  classical  prediction  Q^if  —  Ay/B  by  Culick  (p.  2251 
of  [6])  about  the  frequency  of  unbounded  response.  Notice  also  that  the  couple  of  parameters 
A,  K  appears  more  suitable  to  study  linear  frequency  response  than  the  commonly  used  A,  B 
and,  within  the  limits  stated  in  Section  2,  points  out  the  irrelevance  of  the  implemented  flame 
model.  Notice  finally  that  allowing  either  infinitesimal  (linear  approximations)  or  small  but  finite 
disturbances  (exact  theory)  yields  the  same  linear  intrinsic  stability  boundaries  and  frequencies. 
A  summarizing  overview  of  intrinsic  burning  stability  in  the  broad  QSHOD  framework  is  shown 
in  Fig.  1;  applications  are  reported  in  Figs.  2,  3,  7. 


8.  AN  APPROXIMATE  NONLINEAR  INTEGRAL  METHOD 

This  method  was  first  proposed  to  study  dynamic  extinction  problems  due  to  fast  decrease 
of  pressure  and/or  radiant  flux,  but  in  this  paper  only  pressure-driven  static  (i.e.,  uncoupled) 
stability  is  of  interest.  Some  features  predicted  by  this  nonlinear  approach  are  of  great  interest 
in  complementing  the  results  produced  by  the  stability  theories  so  far  mentioned.  The  technique 
can  be  applied  to  both  FM  and  ZN  approaches.  No  specific  pyrolysis  law  or  flame  model  need  to 
be  specified  a  priori;  but  notice  that  in  principle  only  nonlinear  transient  flame  models  should 
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be  implemented,  since  de\iations  from  the  pertaining  steady-state  solution  can  be  sensible.  A 
full  exposure  of  the  method  was  given  in  [11]  [12]  [13]. 

Assume  that  within  a  perturbed  thermal  layer  of  unknown  thickness  ^(t),  the  temperature 
disturbance  defined  by  Eq.  3.1  has  the  form  u{X,t)  =  ^^(t)  •  Uc{X/^)  for  -^(r)  <  X  <  0, 
where  Us(r)  is  left  fully  unknown  while  Uc{X/^)  =  (1  -f  describes  the  monotonic  decay 

in  space  of  the  temperature  disturbance.  The  disturbance  thickness  ^(r)  can  be  evaluated  as 
f(r)  =  nu^/(ux)c,s  being  {ux)c,s  surface  thermal  gradient  disturbance  at  the  condensed 
phase  side 

(ux)c,s  =  fe.,  +RH,  +  (1  -  -  [f  (e,  -  e,)  -  (8.1) 


8.1.  Intrinsic  QSHOD  Burning  Stability 


Let  us  examine  in  particular  the  problem  of  intrinsic  burning  stability.  This  implies  that  the 
operating  pressure  (and  any  other  time  dependent  parameter,  if  any,  possibly  affecting  the 
surface  boundary  condition)  are  maintained  constant  in  time.  By  substituting  the  above  defined 
disturbance  quantities  and  integrating  over  the  perturbed  thermal  layer  of  unknown  thickness 
^(t),  the  partial  differential  equation  stating  energy  conservation  for  the  condensed  phase  (Eq. 
2.1)  is  reduced  to  an  ordinary  differential  equation  in  time.  By  further  assuming  and 

for  monotonic  propagations  of  the  disturbance  layer  thickness  <^(7"),  find 


de,(T) 

dr 


~R[Q,  -  e^j  -  ^[0^  -  e,]  +  +RH,  +  (1  -  N,)F, 


2n  9s  -  Os  f  l©s-0g 

n  +  1  {ux)  CiS  1  2  (ux)  CyS 


d{ux)c,s 

d{Qs) 


(8.2) 


The  intrinsic  stability  of  a  steady-state  regime  is  investigated  by  accepting  finite  size  perturba¬ 
tions,  of  monotonically  decaying  nature,  overlapping  the  initial  unperturbed  steady  profile  and 
investigating  their  asymptotic  behavior.  Only  the  numerator  N  of  the  right  hand  side  of  Eq.  8.2 
governs  the  algebraic  roots  of  the  restoring  function  (unless  the  denominator  goes  simultaneously 
to  zero).  For  pressure-driven  burning,  the  first  derivative  of  the  numerator  N  is 


dN 

dSs 


dR 


,  -tT 


1  +  (0^  -  0i)/e^  exp(-H^) 


+^^e.-eoj-exp(-ijo  +  ^ 


dR 


(e.-e,) 


R 


C„  —  Cr 


where  ail  partial  derivatives  are  taken  at  constant  pressure.  The  stability  boundary  is  determined 
by  the  condition  of  zero  slope  of  the  numerator  N  at  the  steady-state  root  =  0^.  This  yields 
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or,  in  terms  of  the  stability  parameters  defined  by  Eqs.  3.2  and  3.3, 


“  1  -  exp(-n/6) 

Therefore,  the  approximate  integral  technique  exactly  recovers  the  parabolic  FM  stability  bound¬ 
ary  of  Eq.  7.4  for  n  =  -61n  (1  -  2/6),  implying  n  ranging  from  about  2.72  to  2.87  for  the  test 
model  propellant  nominally  burning  from  0.01  to  1000  atm.  Likewise,  the  approximate  integral 
technique  exactly  recovers  the  parabolic  ZN  stability  boundary  of  Eq.  7.4  forn  =  2jfc/(A:  - 1)  In  A:, 
implying  n  ranging  from  about  2.5  to  3.5  for  the  common  k  interval  from  1  to  3.  The  particular 
case  n  =  3  was  already  treated  by  Zarko  et  al.  ([31]  p.  387  and  Fig.  12),  showing  close  results 
with  respect  to  the  classical  ZN  stability  boundary. 
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Figure  7.  QSHOD  intrinsic  stability  map  for  pressure-driven  burning  with  Qg  parametri¬ 
cally  varying  from  90  to  225  cal/g  (i.e.,  from  0.3896  to  0.9740  non  dimensional).  Test  propellant 
for  the  indicated  set  of  operating  parameters  (tIs  =  0). 


Figure  8.  Bifurcation  and  deflagration  boundaries  as  revealed  by  an  approximate  integral 
method  implementing  the  exact  value  of  the  disturbance  thermal  profile  n  at  each  pressure.  Test 
propellant  for  the  indicated  set  of  operating  parameters  (n^  =  0). 
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9.  DEFLAGRATION  AND  DYNAMIC  EXTINCTION  BOUNDARIES 

All  classical  intrinsic  stability  boundaries,  whether  FM  or  ZN,  are  valid  only  for  infinitesimal 
(linear  approximation  of  the  problem)  or  small  but  finite  deviations  (exact  approach)  from  the 
stability  boundaries.  Thus,  the  self-sustained  oscillatory  regime  revealed  by  classical  analyses 
(for  example  [2]  [3])  is  expected  to  be  true  only  at  the  stability  boundary.  Actually,  numerical  and 
experimental  tests  show  that  the  self-sustained  oscillatory  burning  regime  may  extend  sensibly 
beyond  the  stability  boimdary.  In  fact,  the  approcdmate  integral  technique  reveals  the  existence 
of  a  second  boimdary  below  which  self-sustained  oscillatory  burning  is  found  and  beyond  which 
no  stable  steady  burning  regime  can  be  found.  This  second  boundary  is  a  deflagration  boundary. 
Deflagration  boundaries  can  be  determined  for  both  FM  and  ZN  methods  as  hereafter  described. 

For  convenience,  consider  the  stability  plots  of  Fig.  7  and  Fig.  8,  obtained  for  the  selected 
test  case  respectively  from  the  exact  method  and  approximate  integral  method.  In  both  figures, 
surface  heat  release  is  considered  as  the  bifurcating  parameter  at  several  pressures  ranging  from 
1  to  100  atm.  In  the  stability  plot  of  Fig.  7,  at  each  operating  pressure,  while  a  is  fixed  b  is 
seen  to  vary  going  from  a  first  critical  value  (stability  boimdary,  defined  by  Eq.  3.4)  to  a  second 
critical  value  (deflagration  boundary)  which  has  been  determined  with  the  help  of  Fig,  8. 

In  the  stability  plot  of  Fig.  8,  at  each  operating  pressure,  root  A  exactly  corresponds  to  the 
proper  steady-state  time-invariant  solution.  Roots  B,  D,  E  are  further  roots  produced  by  the 
integral  method;  for  a  full  discussion  see  [13].  In  this  plot,  the  stability  boundary  is  determined 
by  the  coalescence  of  roots  A  and  D  (zero  slope  of  the  time-invariant  steady  solution)  while 
the  deflagration  boundary  is  determined  by  the  coalescence  of  roots  B  and  D.  How  does  this 
translate  into  Fig.  7  ?  Notice  first  that,  at  each  operating  pressure,  root  A  also  corresponds  to 
a  well  defined  a,  while  b  varies  going  from  a  first  critical  value  (stability  boundary,  see  Eq.  8.3) 
to  a  second  critical  value  (deflagration  boundary).  Thus,  a  precise  one-to-one  correspondence 
between  the  two  stability  plots  exists  for  each  time-invariant  steady  solution  in  terms  of  a 
and  6;  this  mapping  can  be  used  to  locate  the  deflagration  boundary  in  Fig.  7  from  Fig.  8. 
Differently  from  previous  applications  of  the  integral  method,  the  plot  of  Fig.  8  was  obtained  by 
implementing  for  the  polynomial  disturbance  order  the  ’’exact”  value  of  n  as  suggested  in  Eq. 

8.3  at  each  operating  pressure.  Although  no  guarantee  exists  that  this  value  keeps  unchanged 
for  varying  surface  heat  release,  this  choice  makes  sure  that  at  least  the  stability  boundary  thus 
determined  precisely  coincides  with  the  one  obtained  via  the  exact  approach. 

Thus,  by  combining  the  exact  analysis  with  the  approximate  integral  method,  the  existence  of 
two  distinct  boundaries  is  revealed:  the  first  boundary  holds  true  for  the  stable  steady-state  time- 
invariant  burning  (the  line  so  far  called  linear  stability  boundary),  while  the  second  boundary 
holds  true  for  the  stable  steady-state  self-sustained  oscillatory  burning.  Since  no  stable  steady- 
state  reacting  solution  is  permitted  beyond  this  second  boundary,  this  takes  the  meaning  of 
a  deflagration  limit  Therefore,  a  finite  interval  of  operating  conditions  exists  over  which  the 
stable  steady-state  reacting  solution  is  time-dependent  (oscillatory  self-sustained)  rather  than 
time-invariant.  The  linear  stability  boundary  of  classical  approaches  corresponds  to  the  incipient 
part  of  this  interval  (i.e.,  where  the  transition  of  the  steady  solution  from  time-invariant  to  self- 
sustained  oscillatory  burning  occurs),  while  the  second  boundary  corresponds  to  the  end  of  the 
interval.  In  mathematical  words,  at  the  stability  boundary  a  Hopf  bifurcation  occurs  generating 
a  stable  limit  cycle  whose  existence  is  bounded  by  the  deflagration  boundary.  Notice  that  this 
possible  extension  of  the  steady  working  regime  beyond  the  linear  stability  boundaries  occurs 
for  a  number  of  operating  parameters  (not  only  surface  heat  release  as  shown  in  Figs.  7-8).  In 
conclusion,  for  energetic  solid  materials  the  stability  of  steady  burning  may  be  sensibly  widened 
from  the  stability  boundaries  (of  the  time-invariant  solution)  to  the  deflagration  boundaries  (of 
the  self-sustained  oscillatory  solution). 

By  the  same  technique,  the  dynamic  extinction  boundary  can  be  determined  in  the  stability  plot 
of  Fig.  8.  It  is  enough  to  connect,  at  any  given  operating  pressure,  roots  B  below  which  steady 
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reacting  solutions  are  no  longer  allowed  [ll]  [12]  [13].  Thus,  it  is  seen  that  the  whole  region  in 
Fig.  8  below  the  dynamic  extinction  boundary  (for  each  operating  pressure)  and  deflagration 
boundary  does  not  permit  steady  burning  solutions,  while  the  region  between  linear  stability 
boundary  and  deflagration  boundary  permits  only  steady  self-sustained  oscillatory  burning. 


10.  VALIDATION  AND  VERIFICATION 

Validation  analyses  can  be  carried  out  analytically  by  cross-checking  that  at  the  predicted  stabil¬ 
ity  boundaries  the  linear  frequency  response  functions  does  yield  an  unbounded  response  limit. 
This  consistency  test,  most  reassuring  when  applicable,  was  successfully  performed  in  a  number 
of  cases.  For  details,  see  [10]  p.  809. 

Testing  by  numerical  simulations  is  more  suitable  to  verify  a  wide  range  of  physical  configu¬ 
rations.  Systematic  tests  were  conducted  by  integrating  the  governing  set  of  equations  by  a 
standard  finite  difference  scheme  under  a  variety  of  operating  conditions.  The  effects  of  several 
parameters  were  checked  on  both  stability  and  deflagration  boundaries,  in  general  confirming 
the  validity  of  the  reported  findings.  Independent  and  systematic  numerical  tests  in  agreement 
with  the  conclusions  of  this  paper  were  reported  in  [32]. 

Conclusive  validation  can  only  be  obtained  by  experimental  testing,  in  general  less  immediate 
than  the  above  checks.  By  slowly  lowering  the  operating  pressure  in  a  laboratory  burner,  before 
reaching  the  deflagration  limits  an  oscillatory  burning  regime  is  well  detectable  for  a  variety  of 
solid  propellants  [33].  More  complex  testing  can  be  performed  (for  example,  see  [34]  Figs.  6-8) 
by  using  external  radiation,  revealing  oscillatory  burning  near  the  pressure  deflagration  limit  in 
qualitative  agreement  with  the  findings  of  this  paper.  Both  experimental  approaches  confirm 
the  existence  of  distinct  stability  and  deflagration  boundaries.  Systematic  testing  concerning 
the  pressure-driven  dynamic  extinction,  performed  by  a  go/no-go  technique  [12],  confirms  the 
existence  of  neatly  distinct  dynamic  extinction  and  pressure  deflagration  boundaries  [35].  In  this 
wide  framework,  specific  effects  due  to  pyrolysis  and  heterogeneity  are  not  the  purpose  of  this 
paper. 

11.  CONCLUSIONS  AND  FUTURE  WORK 

The  effects  of  pressure  dependent  surface  pyrolysis  were  investigated  from  several  viewpoints: 
negative  or  positive  values  of  ng  were  respectively  found  to  be  destabilizing  or  stabilizing  in 
the  standard  AQSHOD  framework.  However,  for  the  simple  pressure-driven  burning  configu¬ 
ration  considered  in  this  paper,  Ug  features  a  small  value  smoothly  decreasing  from  positive  to 
negative  for  decreasing  pressure.  But  the  effects  of  finite  although  modest  on  steady-state 
burning  properties,  may  be  relevant  for  unsteady  and/or  unstable  regimes.  Intrinsic  combustion 
stability  has  been  discussed  by  a  host  of  analytical  techniques:  within  the  AQSHOD  frame¬ 
work  the  exact  abstract  approach  recovers  all  known  results,  including  the  classical  boundaries 
by  Denison-Baum  and  Zeldovich-Novozhilov  of  the  related  linear  adiabatic  problem,  as  special 
cases.  Moreover,  it  was  shown  that  the  stability  of  steady-state  regime  is  extended  up  to  the 
deflagration  boundaries,  but  a  switch  from  time-invariant  to  self-sustained  oscillatory  steady 
burning  (time-dependent)  occurs  at  the  linear  stability  boundary.  Cross-checks  with  other  an¬ 
alytical  results,  numerical  simulations,  and  experimental  observations  in  general  agree  with  the 
proposed  picture.  Discussions  of  pyrolysis  modeling  and  heterogeneity  effects  were  outside  the 
scope  of  this  paper.  But  work  on  pyrolysis  and  surface  layer  structure  is  presently  under  progress. 
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COMMENTS 

M.Q.  Brewster,  UIUC,  USA.  First,  there  are  some  subtle  notational  differences  between  the 
sensitivity  parameter  formulation  used  here  and  the  definition  under  ZN  theory.  For  example, 
the  pressure  exponent  n  defined  by  f{,  =  7'6,re/(p/pre/)”  (following  Eq.  4.2)  is  not  in  general  the 
same  as  the  ZN  sensitivity  parameter  i/.  This  distinction  is  contrary  to  Eq.  6.3,  which  assumes 
that  n  has  the  same  ZN  sensitivity  parameter  definition.  If  the  former  equation  is  used  as  the 
definition  of  n  then  n  can  only  be  thought  of  as  the  ZN  sensitivity  parameter  if  i/  jti 
which  is  often  a  reasonable  approximation-  over  limited  pressure  ranges  but  not  near  so-called 
^xponent  breaks”  or  over  large  pressure  ranges.  Similar  comments  hold  for  nx/.  according  to 
~  '^s,re.j(jp/pTef)^^‘ 1  is  equivalent  to  the  ZN  parameter  only  when  ^  ^Taip)-  The 
same  can  be  said  about  the  definition  of  Ug  in  Eq.  4.1,  which  is  not  the  ZN  sensitivity  parameter 
6/r  unless  n^  ^  ng(^p')  is  assumed.  It  would  seem  that  to  obtain  Eq.  4.2  requires  assuming 
that  n,  Uxg ,  and  are  all  independent  of  pressure  to  the  degree  that  the  derivatives  terms  are 
negligible.  However,  demonstrating  the  pressure  dependence  of  is  one  of  the  paper’s  point. 

Some  discussion  is  needed  of  the  validity  of  implicitly  assuming  ^  n5{p)  and  then  explicitly 

demonstrating  the  pressure  dependence  of  Ug  in  Table  2. 

The  main  question  with  this  approach  is  the  assumed  Arrhenius  surface  pyrolysis  law,  Eq.  4.1; 
how  well  does  Eq.  4.1  represent  reality?  That  question  can  only  be  answered  by  comparison 
with  observations  and  in  that  regard  steady  state  measurement  are  necessary  but  not  sufficient. 
Unsteady  measurements  are  required.  We  have  previously  examined  single-step,  zero-order  de¬ 
composition  in  the  high  activation  energy  limit  (see  Eq.  13  of  Ref.  1  or  Eq.  7  of  Ref.  2  in 
this  Proceedings)  and  found  that  it  matches  both  steady  state  burning  rate  data  and  unsteady 
response  function  data  for  homogeneous  materials  when  quatsi-steady  conditions  are  satisfied. 
What  is  needed  is  to  put  Eq.  4.1  to  the  same  test.  That  can  be  done  in  part  here  by  comparing 
the  sensitivity  parameter  relation  for  large  activation  energy,  zero-order  decomposition, 


— n 

K^~Qc-Qr)-i 


(Cl) 


with  Eq.  4.2.  The  zero-order  relation  Eq.  Cl  indicates  that  Ug  and  n  should  have  opposite 
sign  (the  denominator  is  positive  for  realistic  conditions).  The  behavior  of  Eq.  4.2  is  quite 
different:  when  n  is  negative  Ug  must  also  be  negative  {nxs  is  presumably  positive),  and  when 
Ug  is  positive  n  must  also  be  positive.  This  alone  shows  that  the  two  pyrolysis  relations  have 
very  different  behavior  at  the  sensitivity  parameter  level.  An  additional  difference  is  that  Eq. 
4.1  embodies  a  zero  radiation  Jacobian  sensitivity  parameter  {6q/r  —  [51nfj,/51n^]^^  p)  whereas 
zero  order  decomposition  does  not.  Laser-recoil  response  function  data  obtained  for  AP  and 
double  base  propellant  are  difficult  to  fit  with  Sg/r  =  0  but  have  shown  favorable  comparison 
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with  zero  order  decomposition  (see  Refs.  1-2).  Though  radiation  driven  burning  is  not  the 
emphasis  in  this  paper,  it  still  offers  evidence  on  the  issue  of  accuracy  of  a  pyrolysis  relation 
and  the  sensitivity  parameters  derived  therefrom.  Since  sensitivity  parameters  are  derivatives 
of  a  primary  function  (in  this  case  a  pyrolysis  relation)  and  because  the  error  in  a  function  is 
amplified  in  its  derivatives,  the  question  of  suitability  of  a  pyrolysis  relation  must  be  addressed 
by  considering  not  only  the  function  but  its  derivatives.  We  think  the  evidence  so  far  suggests 
that  the  formally  derived  zero-order  decomposition  relation  is  significantly  more  accurate  at  the 
sensitivity  parameter  than  the  ad  hoc  Arrhenius  surface  pyrolysis  relation,  Eq.  4.1  (even  with 
n^). 

The  second  main  question  has  to  do  with  the  data  used  for  comparison.  Only  materials  that 
bum  in  a  fashion  which  satisfies  the  classical  quasi-steady  assumptions  should  be  expected 
to  show  correspondence  with  the  theory.  These  assumptions  include  quasi-steady  gas-phase, 
quasi-steady  (i.e.,  vanishingly  thin)  condensed  phase  reaction  zone,  homogeneous  propellant 
with  constant  properties,  and  one-dimensional  heat  feedback.  Composite  propellants  which 
exhibit  heterogeneous  effects  such  as  multi-dimensional  heat  transfer  in  both  the  solid  and  gas- 
phase  violate  these  assumptions.  Presumably  AP  composite  propellants  with  fine  enough  AP 
at  low  pressure  can  be  considered  quasi-homogeneous  for  these  purposes.  The  propellants  used 
by  Brown  and  Muzzy  referred  to  the  presentation  and  the  paper  do  not  appear  to  be  quasi- 
homogeneous.  Neither  do  the  industrial  composite  propellants  referred  to  in  the  paper.  Given 
the  AP  and  binder  have  different  chemical  and  thermophysical  properties  and  therefore  different 
activation  energies  and  surface  temperatures,  how  are  the  ’’homogeneous”  properties  of  the 
present  analysis  to  be  viewed  in  context  of  a  heterogeneous  propellant?  It  also  seems  that 
important  response  mechanisms  such  as  selective  ingredient  pyrolysis  would  be  entirely  missed 
by  applying  the  homogeneous,  one-dimensional  analysis  to  such  data. 
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Authors’  Reply.  This  paper,  and  the  companion  Ref.  1,  are  only  the  first  reports  of  a  much 
wider  general  revision  on  the  basic  internal  ballistic  laws  (burning  rate  and  surface  temperature) 
commonly  used  in  the  literature.  We  are  systematically  testing  all  of  them  (actually,  only  a  few) 
and  under  arbitrary  combinations  of  pressure,  initial  temperature,  and  radiant  flux.  Besides  the 
two  papers  already  mentioned,  other  presentations  were  already  given  (see  Refs.  2-3)  and  will 
be  given  in  the  near  future  covering  other  aspects  of  this  general  problem. 

Within  this  framework,  a  detailed  reply  to  the  first  part  of  the  Comment  is  the  following: 

•  The  pressure  exponent  n  is  defined  over  each  pressure  subinterval,  of  the  entire  operating 
range,  for  which  n  —  const  (piecewise  continuity).  Near  the  ’’exponent  breaks”  the  proper 
left  or  right  limit  has  to  be  taken.  Thus  no  difference  arises  with  he  ZN  sensitivity  param¬ 
eter  I/,  except  when  n  continuously  changes  with  pressure  (a  situation  not  yet  met  in  this 
investigation).  At  any  rate,  no  special  difficulty  arises  in  adopting  the  more  general  ZN 
definition  (for  example,  see  Ref.  3). 

•  The  same  remarks  can  be  repeated  for  the  exponent  Uts- 

•  Concerning  the  exponent  n^,  both  approaches  were  followed:  Ug  piecewise  continuous  or 
continuously  changing  with  pressure.  In  this  paper,  to  be  consistent  with  the  rest  of  the 
manuscript  and  also  recover  previous  results  found  long  ago  in  our  laboratory  (as  reported 
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in  Ref.  1),  piecewise  continuous  with  pressure  was  adopted.  Equivalent  results  are 
formd  if  continuously  changing  with  pressure  is  adopted. 

•  Having  assumed  piecewise  continuity  of  the  three  exponents,  all  derivatives  mentioned  in 
the  Comments  should  not  appear. 


The  two  main  objections  discussed  in  the  second  part  of  the  Comment  seem  inappropriate, 
because  beyond  the  scope  of  the  paper.  The  objective  of  this  paper  (see  last  paragraph  of 
the  section  Background  on  page  3  of  the  paper)  was  to  show  that  a  general  nonlinear  intrinsic 
stability  analysis,  recently  put  forward  by  the  authors,  does  include  surface  pressure  dependence 
effects  and  that  several,  distinct  analytical  techniques  bring  about  exactly  the  same  intrinsic 
stability  boundary.  The  selection  of  the  "best”  pyrolysis  law  or  consideration  of  heterogeneity 
effects  are  another  matter.  In  particular: 

•  Concerning  the  Arrhenius  surface  pyrolysis,  this  is  only  one  of  the  pyrolysis  laws  being 
examined  in  this  investigation.  The  matter  as  to  the  most  suitable  pyrolysis  law  is  under 
active  investigation  and  it  would  be  premature  to  discuss  it  at  this  time. 

•  Concerning  the  heterogeneity  effects,  no  comparison  of  the  stability  analysis  predictions 
with  experimental  results  is  reported  but  only  analytical  and  numerical  calculations.  Any¬ 
way,  the  comment  is  well  received  and  the  test  propellant,  used  to  perform  comparisons 
among  the  different  theoretical  approaches,  has  simply  been  called  a  "model  propellant”. 
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ABSTRACT 


It  is  of  much  interest  to  know  (mostly  from  detailed  experiments)  the 
mechanisms  involved  in  the  combustion  of  solid  propellants  and  as  much  as  possible  to 
describe  them  through  modeling.  The  regimes  thus  investigated  should  be  : 

-  ignition  (reaching  first  decomposition  and  transitioning  to  fully  developed  flame), 

-  steady  combustion  (evolution  with  respect  to  pressure  and  initial  temperature)  resulting 
from  the  coupling  between  condensed  and  gaseous  phases,  including  the  behavior  of 
added  aluminium, 

-  response  to  erosive  burning  conditions, 

-  response  to  pressure  (and  velocity)  oscillations, 

(these  last  two  topics  being  covered  very  briefly  for  the  sake  of  space). 

From  such  knowledge  and  modeling  various  results  should  be  expected  : 

-  orientations  in  the  elaboration  of  new  propellants  for  the  tailoring  of  their  combustion 
characteristics, 

-  prediction  of  the  operation  of  compactly  loaded  motors  (such  as  for  hypervelocity 
missiles)  which  are  submitted  to  erosive  burning, 

-  prediction  of  the  stability  of  the  motor, 

-  prediction  of  the  distributed  combustion  of  aluminum,  resulting  in  possible  specific 
impulsion  losses  due  to  incomplete  combustion,  as  well  as  in  the  accumulation  of  slag 
at  the  rear  end  of  large  boosters. 

A  conclusion  is  reached  that  much  work  has  been  accomplished,  which  has  to 
be  extended  to  the  emerging  propellants  based  on  new  ingredients,  and  which  has  to  be 
integrated  more  and  more,  alongside  the  develoment  of  the  description  of  the  internal 
aerodynamics,  into  the  prediction  of  the  motor  performance. 
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INTRODUCTION 


A  review  of  our  knowledge  of  the  combustion  of  solid  propellants  is  presented. 
It  is  conceived  as  a  guide  to  the  abundant  literature  on  the  subject,  rather  than  an 
(impossibly)  exhaustive  analysis  of  the  many  works  carried  out.  It  is  based  in  large  part 
on  work  carried  out  at  ONERA.  However,  there  has  always  been  an  effort  to  incorporate 
results  from  other  organizations  and  to  thus  synthesize  the  approaches. 

Contacts  have  been  made,  to  complement  the  knowledge  largely  acquired 
through  the  literature,  through  AGARD  programs  and  a  DEA  with  the  USA,  mostly 
through  the  literature  for  other  countries  (i.e.,  with  the  C.I.S.}. 

The  scope  of  this  paper  is  within  the  aim  of  integrating  the  knowledge  and  the 
accompanying  modeling  of  the  combustion  in  the  description  of  the  operation  of  motors. 
Therefore  the  models  presented  are  those  kept  at  a  reasonable  level  of  complexity.  More 
detailed  analyses  are  viewed  as  useful  to  validate  the  simplified  approaches. 

COMPONENTS  USED  IN  SOLID  PROPELLANTS 

Various  types  of  the  already  existing  propellants  and  their  main  characteristics 
and  applications  are  summarized  in  Table  1.  The  newly  developed  ingredients  considered, 
as  compared  to  the  existing  ones,  are  found  in  Table  2  for  oxidizers.  Table  3  for 
polymers  and  Table  4  for  plasticizers,  along  with  an  indication  of  Improvements  they 
should  bring.  The  various  ingredients,  existing  or  under  development,  and  the 
corresponding  propellants  will  be  reviewed  in  the  following  sections. 

IGNITION 

The  investigation  of  the  ignition  of  solid  propellants  is  of  importance  on  two 
levels  [1]  : 

-  As  such  because  it  impacts  on  the  starting  of  the  motor.  At  high  pressure,  if  the  motor 
is  closed  by  a  rupture  disk,  the  main  ignition  delay  is  essentially  that  necessary  to  reach 
the  first  decomposition  of  the  active  ingredient  of  the  propellant.  But  for  high  heat 
fluxes  and  pressures  around  ambient,  the  transition  delay  to  an  established  flame 
becomes  important.  The  first  ignition  delay  is  shown  in  Fig.  1  for  AP  composite 
propellants  and  In  Fig.  2  for  double-base  propellants  (where  f  is  the  thermal  effusivity). 
Results  from  Price  [2]  show  clearly  the  importance  of  the  establishment  of  the  flame 
after  first  ignition,  see  Fig. 3  ;  this  phenomenon  is  taken  into  account  by  Bizot  [3]  in  his 
modeling.  Ref.  [4]  should  be  looked  upon  on  how  to  integrate  such  modeling  in  the 
description  of  the  start-up  of  the  motor, 

-  As  a  source  of  information  for  the  condensed  phase  decomposition  kinetics,  as  will  be 
shown  later. 
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Performance/Characteristics  of  Various  Propellants 
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Table  2 


Typical  New  Propellant  Oxidizers 


Stmcture 

Characterization 

Applications 

d  =  2,  04 

AHf  =  +  225  cal/g 

-  impulsive  and 
minimum  smoke  propellant 

_ X 

•  N-NO2 

ADN 

N - NH, 

/ 

INO/ 

d=  1,80 

AHf  =  -  290  cal/g 

-  low  vulnerability  (?) 

-  demilitarization 

-  propellants  for  space 
launchers  without  HCl 

Comparison 

RDX 

NO. 

1  ' 

HMX 

1  ^ 

N-/  \ 

0^/  NOj 

d=  1,91 

AHf  =  +  68  cal/g 

-  for  tactical  missiles 
-  for  strategic  missiles  (USA) 

Ammonium  perchlorate 
NH4C104 

d  =  1,95 

AHf  =  -  600  cal/g 

-  for  strategic  missiles,  launchers 
and  boost  stages  of  tactical 
missiles 
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Table  3 


Typical  New  Propellant  Polymers 


Structure 

Characterization 

Applications 

GAP 

d=  1,28 

AHf  =  +  280  cal/g 

-  performance 

-  low  vulnerability 

-  burning  rate 

OCHjCH. 

CIL 

I 

On 

n 

(BAMO 

HO - 

HO- 

)  „-(AMMO)^-(BAMO)„ 

BAMO 

CH^—C - CHj-O-H 

CH^3 

— '  n 

AMMO 

CHjNj 

—  —In 

thermoplastic  elastomer 
fusion  ^  100°C 

-  demilitarization 
-  continuous  manufacturing 

Comparison 

Polybutadiene  (HTPB) 

d  =  0,90 

AHf=+5  cal/g 

-  for  launchers,  strategic 
and  tactical  missiles 
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Table  4 


Typical  New  Propellant  Plasticizers 


Structure 

Characterization 

Applications 

GAPA 

d=  1,27 

-  burning  rate 

Hf  =  +537  cal/g 

-  low  vulnerability 

CH^CHO 

CH2-CH2-N3 

CM, 

1 

L  N3_ 

n 

Comparison 

NGL 

d  =  1,60 

-  plasticizer  for  tactical 

Hf  =  -405  cal/g 

and  strategic  missiles 

O^NO  CH^CHCH^  ONOj 

1 

O 

NOj 

Reminder:  Double-base  propellants 


nitrocellulose 


NGL 


H.C- 


ONO,  Or«),  ONO, 
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(a)  Composite  propellant  82%  A.P.  (particle  size  15  to  280  \ijn)  -  polybutadiene. 

Sample  exposed  to  the  jet  of  an  arc  generator  (argon): 

T  ^ 

O  indicates  the  time  iqn  of  first  ignition  and  the  flame  establishment  time  V. 

(b)  Same  composite  propellant  82%  A.P. 

Sample  exposed  to  the  jet  of  the  micromotor: 

O  motor  with  unaluminized  grain  (butalite  with  88%  A.P.J. 

•  motor  with  aluminized  grain  (butalane  with  20%  aluminum). 

Ignition  detection  by  ultrasonic  regression  sensor. 

T  =  0.021  cal  IK 

*  560  K:  ignition  temperature  measured  by  infrared  pyrometer  |^e~  // 

- Correlation  curve.  624  K:  computed  temperature  reached  at  the  corresponding  point  of  the  curve. 


Figure  1.  Ammonium  perchlorate  composite  propellants 
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Results  of  Suh  Aj - J  computed  curve 

Radiation  flux  0.5<<^o<2  cal/cm^s. 

Pressure  7  x  70~^  atm:  inert  ambient  gas. 

Propellant  IVI2  (1 ,060cal/g):  0.3  %  graphite:  P  =  250  cm~’  (absorption  coefficient). 

Results  given  by  the  author  Ep-40^  TCP  call  mole  K:  A=10^'^  .s~^:  ==  50  caHg. 

*  420  K:  ignition  temperature  measured  by  thermocouple. 

Results  of  Price  f,gn  0 
Radiation  flux  0.25 <^o <5  cal/cm^s. 

Pressure  7.05  atm:  gas:  ambient  air. 

J.P.N.  propellant  (7.230  cal/g).  Nonopacified. 

No  values  for  Bp  and  A  (influence  of  the  absorption  in  depth  beyond  2  call cm^ s  probably  too  high). 

Results  of  Niioka  O - G  Average  of  the  results. 

Convection  flux  0.3<^o<2.3  callcm^s. 

Pressure  7  atm.  Jet  of  air.  helium  or  air  +  oxygen. 

Cold  propellant  (753  caUg). 

Results  given  by  the  author  Ep^  30.000  ca! I  mole  K.  ^pAQ^-S.  70’^  callcm^s. 

'460  K.  measured ^y  ^ermocouple 
ONERA  results  t.^n  pyrometer  O  ultrasound. 

Convection  flux  1 .3 <<bo <24  callcrrPs  and  60  by  ultrasound. 

Pressure  atm.  Argon  jet 

Hot  propellant  (7 .700 call g).  *  500 K  Measured  ignition  temperature 

~  .  -  Correlation  curve.  52  7  K:  computed  temperature  reached  on  the  corresponding  point  of  the  curve. 

r-0.018cal/Kcm2s''2. 


ENSTA/ONERA  Results 
0  CO2  laser.  7  bar,  propellant  7.700  calfg. 


Fiaure  2.  Doubie-base  homoqeneous  Drooellants 
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Burning  rale  (nim/s) 


tf  measurement  of  flame  setup  time 


2,400  ms 


Detection  of  ignition 
(composite  propellant). 


-T,) 


He  =  0.07  ca!/cm2/s/K 
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CONDENSED  PHASE  PROCESS 

The  combustion  of  solid  propellants  results  from  the  coupling  between  the 
condensed  phase  process  and  the  gas  flame  heat  flux  reaching  the  surface. 

The  principles  of  the  modeling  of  the  condensed  phase  behavior  are  indicated 
in  Fig. 4,  as  described  in  early  work  [5].  An  overall  vision  can  be  reached,  in  particular  for 
DB  propellants,  HMX,  ADN  and  for  polybutadiene  and  GAP  binders,  that  the  kinetics  of 
the  condensed  phase  decomposition  under  combustion  conditions  remains  the  same,  all 
the  way  from  that  under  DSC  or  thermogravimetry  conditions,  through  ignition 
conditions.  This  can  be  found  in  Fig.  5  for  polybutadiene.  Fig.  6  for  GAP,  Fig.  7  for  DB 
propellants  [6]  (Brewster  has  also  adopted  this  viewpoint  [7]).  Finally  in  Figs.  8  and  9  it 
can  be  seen  for  HMX  that  the  kinetics  obtained  under  DSC  conditions,  confirmed  for 
ignition,  correlate  very  well  the  results  obtained  under  combustion. 

Recently  Wight  [8]  has  carried  out  an  investigation  of  the  condensed  phase 
decomposition  of  ammonium  dinitramide,  ADN,  using  thermogravimetric  techniques  for 
low  heating  rates  (at  temperatures  from  150  to  250 ’C)  and  thin  film  (<  1  //m)  laser 
pyrolysis  for  high  heating  rates  (at  temperatures  around  450 "C).  The  conclusion  is 
reached  that  the  nature  of  the  gases  evolved  from  the  condensed  phase,  NHg,  H2O,  NO, 
N2O,  NO2,  MONO  and  HNO3,  and  the  kinetics,  with  an  activation  energy  of  200  ±20 
kJ/mole  (about  48  kcal/mole)  associated  with  the  breaking  of  the  N-N  bound,  should 
remain  the  same  over  the  wide  temperature  range  and  heating  rates  values  (from  10'^  to 
10^X/s  !). 

These  results  are  one  more  indication  that  the  initial  step  in  the  thermal 
decomposition  of  ingredients  of  propellants  and  the  associated  kinetic  parameters  can 
be  the  same  at  low  temperatures  and  at  high  regression  rates  typical  of  combustion.  This 
is  far  from  obvious  a  priori  and  has  to  be  proved  for  each  ingredient  considered.  A  well 
known  counter-example  is  that  of  ammonium  perchlorate,  which  undergoes  low  and  high 
temperature  surface  sublimation-  dissociation  and,  under  combustion,  which  sustains  a 
condensed  phase  decomposition  in  a  superficial  liquid  layer. 

Detailed  investigations  of  the  decomposition  steps  can  be  found  for  HMX,  Brill 
[9],  as  well  as  for  nitrate  esters,  Melius  [10]. 

It  has  to  be  mentioned  that  the  condensed  phase  process  is  of  direct  impact 
for  the  understanding  and  modeling  of  the  response  of  solid  propellants  to  pressure 
oscillations,  one  can  see  as  an  example  the  work  of  Brewster  [7]. 
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Figure  4.  Principle  of  the  modeling  of  the  condensed  phase  behavior 
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Figure  5.  Pyroiysis  law  for  HTPB 
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Figure  7.  Pyrolysis  law  for  double  -  base  propellants 
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Figure  8a.  Differentia!  thermal  analysis  of  HMX  decomposition 
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Figure  9.  Pyrolysis  law  for  HMX 
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COMBUSTION  OF  PREMIXED  PROPELLANTS  OR  MONOPROPELLANTS 


Double  base  propellants  undergo  a  combustion  governed  by  premixed  primary 
and  secondary  flames,  see  Fig.  10.  The  nature  of  the  gases  involved  has  been 
established  from  sampling  and  mass  spectrometry  analysis  [6].  Yang  et  al  [11],  in 
complete  osmosis  with  the  results  of  ONERA,  have  produced  a  model  for  the  staged 
flames  of  these  propellants  (Fig.  10),  to  be  then  used  in  a  description  of  the  response  to 
pressure  oscillations,  it  is  well  known  that  the  staged  flame  structure  is  such  that 
adequate  additives,  salts  of  lead,  copper,  bismuth.,.,  will  enhance  the  secondary  flame 
reactions,  involving  NO,  close  to  the  surface,  creating  super-rate  effects  and  (sought 
after  for  operating  stability  reasons)  plateau  effects  (corresponding  to  the  secondary 
flame  coming  close  to  the  surface  anyway  as  pressure  increases). 

HMX  has  a  behavior  somewhat  similar  to  that  of  a  DB  propellant,  due  to  the 
fact  that  it  creates  gases  which  can  produce  primary  and  secondary  flames,  see  Fig.  11. 
In  this  figure,  a  very  simplified  model,  based  on  overall  kinetics,  shows  that  the 
secondary  flame  dominates  the  burning  rate  as  soon  as  20  to  30  atm  (for  DB  propellants 
this  occurs  above  100  atm),  in  such  a  way  that  there  is  no  possibility  of  creating  a  super¬ 
rate  effect  (and  the  accompagnying  plateau).  A  much  more  elaborate  model,  see  Fig.  12, 
has  been  presented  by  Yang  et  al  [12]  for  RDX.  This  model  takes  into  account  the  two 
condensed  phase  decomposition  paths  suggested  by  Brill,  but  also  Incorporates  a  large 
amount  of  evaporation  of  the  RDX  (it  has  to  be  noted  that  in  the  case  of  HMX,  refering 
to  Figs.  8  and  9,  the  conclusion  is  reached  that  the  condensed  phase  process  under 
combustion  corresponds  to  complete  decomposition  as  observed  under  DSC  conditions). 

An  RDX  model  has  also  been  presented  by  Beckstead  [13],  by  taking  into 
account,  as  well  as  Yang,  the  detailed  gas  phase  kinetics  (more  than  200  reactions)  of 
Yetter  [14],  see  also  Branch  [15]  (both  taking  a  large  number  of  informations  from 
Melius). 


Results  for  the  combustion  of  the  caged  nitramine  HNIW,  see  Table  2,  are 
presented  in  Fig.  13.  it  is  seen  that  Its  behavior  is  similar  to  that  of  HMX  (with  a  higher 
burning  rate  due  to  the  higher  energetic  content),  with  possibly  at  pressure  below  about 
20  atm  a  staged  flame  leading  to  a  lesser  pressure  exponent.  In  any  event,  the 
observation  that  the  secondary  flame  comes  close  to  the  surface  above  this  pressure 
should  exclude  the  possibility  of  creating  super-rates  in  HNIW;  such  impossibility  is  also 
the  case  for  HMX. 
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Figure  12.  Modeling  of  RDX  combustion  (V.  Yang) 


Figure  13.  HNIW  burning  rate 
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COMBUSTION  OF  COMPOSITE  PROPELLANTS 


Almost  all  propellants  are  composites  of  oxidizer  particles  with  either  an  inert 
binder,  such  as  polybutadiene,  or  an  active  binder  including  some  nitric  ester,  see  Fig.  14. 
The  description  of  such  AP-inert  binder  composite  propellants  was  carried  out  early  by 
Beckstead  et  al[16].  In  this  work  a  surface  average  is  carried  on  the  AP  particles  and  the 
surrounding  polybutadiene  binder.  This  model  was  extended  by  Cohen  [17].  Later, 
Beckstead  [18]  considering  HMX  with  an  active  binder,  taking  into  account  the  fact  that 
both  ingredients  sustain  self  combustion,  introduced  the  idea  of  the  overall  regression 
rate  of  the  propellant  resulting  from  the  sequential  burning  of  the  two  components. 
Finally,  Blomshield  considered  a  mix  of  surface  average  and  sequential  burning  for  AP- 
HMX-inert  binder  propellants  [19]. 

A  unified  approach  is  proposed,  based  on  the  sequential  burning  viewpoint,  for 
all  propellants,  see  Fig.  14.  In  the  case  of  AP-inert  binder  composites,  a  strong  diffusion 
flame  exists  between  excess  O2  and  hydrocarbons  from  the  binder.  In  the  case  of 
nitramines  with  active  binders  not  much  diffusion  flame  can  be  envisioned.  However  the 
oxidizer  reaching  the  surface,  more  or  less  at  the  binder  surface  temperature,  needs  to 
transition  to  its  full  combustion  temperature  (see  [6]  for  the  description  of  this  delay)  (in 
the  case  of  AP  the  binder  temperature  is  higher  than  that  of  the  oxidizer  and  no  transition 
delay  should  occur). 

The  sequential  burning  approach  is  first  applied  to  AP-inert  binder  propellants, 
necessitating  first  a  description  of  AP  alone,  refer  to  Figs.  15  and  16  (see  also  [6]).  In 
particular  in  Fig.  16  the  idea  is  expressed  that  the  lower  deflagration  limit  is  due  to  the 
reaching  of  a  surface  temperature  below  the  liquefaction  temperature  of  830  K.  The  work 
of  Beckstead  [20]  on  a  detailed  model  of  AP  combustion  should  also  be  consulted  (it 
includes  a  kinetic  scheme  for  the  gas  phase  reactions  of  about  100  steps). 

In  Fig.  17  the  various  values  involved  are  indicated.  In  particular,  it  is 
considered  that  the  AP  premixed  flame  is  very  close  to  the  surface  and  that  there  is  no 
need  to  take  into  account  a  primary  peripheral  flame  between  the  sublimation  product 
HCIO4  and  hydrocarbons.  Only  the  final  flame  O2/HC,  controlled  by  diffusion  and  kinetics, 
is  considered.  Results  of  such  a  model  as  compared  to  experimental  measurements  show 
a  good  agreement,  as  found  in  Fig.  18  (A  nuance  is  added,  see  [6],  that  diffusion  in  the 
flame  centered  on  the  AP  particle  is  enhanced  at  high  pressures  by  some  turbulent 
component.  This  allows  to  depict  an  Increase  in  the  pressure  exponent  of  the  burning 
rate  above  about  100  atm.  However  at  higher  pressures,  above  300  atm,  an  extra  break 
in  the  slope  cannot  yet  be  explained).  In  this  figure  the  role  of  the  additive  is  described 
by  the  hypothesis  that  the  residue  it  leaves  on  the  surface  will  act  as  a  flame  holder, 
bringing  the  diffusion  flame  closer  to  the  surface. 
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The  case  of  HMX-energetic  binder  compositions  is  displayed  in  Fig.  19.  The 
sequential  burning  approach  is  again  applied  by  taking  into  account  the,  experimental, 
burning  rates  of  HMX  and  of  the  active  binder,  with.  Fig.  14,  the  transition  delay  for 
HMX  to  reach  Its  established  combustion  surface  temperature.  A  good  match  with  the 
measurements  of  the  propellant  burning  rate  is  obtained.  Indicating  that  the  physical  idea 
of  the  sequential  burning  seems  reasonable.  An  equally  good  agreement.  Fig.  20,  is  seen 
for  an  HNIW  -active,  GAP -h nitric  ester,  binder  composition.  For  these  types  of 
propellants  it  has  to  be  mentioned  that  their  burning  rates  are  very  sensitive  to  pressure. 
As  was  mentioned  earlier,  there  is  not  much  hope  to  find  additives  that  will  act  upon  the 
oxidizer  (the  staged  flames  collapse  into  one  at  low  pressure),  the  main  action  being  with 
lead/copper  salts  creating  semi-plateau  effects  in  the  binder. 

Quite  frequently  aluminum  is  added  as  fuel,  allowing  an  increase  in  temperature 
of  about  1000  K.  In  Fig.  21,  the  first  event  of  agglomeration  at  the  surface  is  depicted 
[21].  About  40  %  of  the  original  aluminum  is  found  to  agglomerate  into  globules  of  about 
125  /ym,  which  after  burning  will  leave  oxide  particles  of  about  50  //m,  although  in  small 
amount.  Indications  on  the  combustion  of  the  aluminum  globules  are  found  in  Fig.  22, 
with  a  strong  influence  of  the  globule  size  and  of  the  concentration  of  oxidizing  species 
(from  [22])  and  a  moderate  influence  of  the  pressure  (from  the  early  work  of  Davis),  as 
reflected  in  the  proposed  correlation  formula  indicated.  The  theoretical  description  of  the 
combustion  process,  by  Beckstead  [23]  or  Marion  [24]  (see  Fig.  23),  based  on  a  droplet 
model,  fails  to  represent  the  effect  of  the  pressure.  The  added  hypothesis  of  oxide 
diffusion  back  to  the  surface  so  as  to  increase  the  cap  makes  the  combustion  time  even 
longer  and  does  not  seem  to  have  to  be  taken  into  account.  It  is  believed  that  the  large, 
=  50  //m,  oxide  particles,  see  Fig.  21,  result  from  the  caps  on  the  agglomerated 
aluminum  particles  and  that  the  alumina  in  the  cap  is  formed  during  the  fairly  long 
agglomeration  process  on  the  surface  (rather  than  during  combustion  of  the  globule). 
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Figure  14.  Unified  approach  to  composite  propellant  modeling 
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Figure  15.  AP  combustion  mode! 
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Figure  17.  AP  composite  propellant  flame  structure 
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Figure  18.  Burning  rate  of  AP  composite  propellants 
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Figure  19.  Experimental  and  computed  burning  rate  of  a  nitramine  based 
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Figure  20.  Burning  rate  of  an  HNIW  propellant  (60%  HNIW  (100  >L/m)  -  GAP 
+  nitric  ester) 
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Figure  21.  Scheme  for  aluminum  agglomeration  and  combustion 
(J.  Duterque) 
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Figure  23.  Aluminum  combustion  modeling 
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THE  ULTRASONIC  MEASUREMENT  OF  THE  BURNING  RATE 


The  ultra-sonic  technique  developped  at  ONERA  allows  detailed  measurements 
of  the  burning  rate,  see  Fig.  24  (25].  This  technique  has  been  transferred  at  Penn  State 
with  Kuo  and  Micci  and  at  University  of  Alabama  with  Frederick.  It  has  been  employed 
independently  at  TNO  for  ablatabie  fuels,  as  well  as  at  Thiokoi  in  fairly  large  hybrid 
motors.  This  technique  replaces  the  strand  burner  and  is  particularly  useful  in  erosive 
burning  work  since  it  allows  local,  instantaneous  measurements  in  a  motor. 


.  Experimenial  set-up  scheme. 
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Figure  24.  Determination  of  solid  propellant  burning  rate  sensitivity  to 
the  initial  temperature  by  the  ultrasonic  method  (F.  Cauty, 
J.C.  Demarais,  Ch.  Erades) 
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RESPONSE  TO  EROSIVE  BURNING 


Experiments  and  modeling  of  the  erosive  burning  of  solid  propellants  have  been 
carried  out  by  King  [26],  Kuo  [27]  and  at  ONERA  [28,29]  for  double-base  and  composite 
propellants.  It  has  been  established  quite  convincingly  that  the  mechanism  is  related  to 
the  penetration  of  turbulence  from  the  external  flow  into  the  flame  height  of  the 
propellant,  with  an  enhancement  of  the  flux  from  flame  to  surface  and  thus  of  the 
burning  rate.  The  modelisation  of  this  mechanism  (requiring  the  treatment  with  a  Couette 
approach  of  the  zone  close  to  the  surface,  containing  the  flame,  and  the  matching  with 
the  external  flow)  results  in  an  evaluation  of  the  erosive  burning  rate  in  good  agreement 
with  the  measurements  (in  particular  with  the  ultra-sonic  technique)  [29].  in  Fig.  25,  as 
a  summary  of  the  approach  of  ONERA,  the  separation  between  non  erosive  and  erosive 
domains  as  a  function  of  the  propellant  base  burning  rate  is  displayed,  showing  that  the 
specific  mass  flow  rate,  the  burning  rate  (and  the  scale)  are  the  main  parameters  in  the 
erosive  burning  problem.  The  model  adopted  is  amenable  to  being  incorporated  in  a 
description  of  a  motor  operation. 
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RESPONSE  TO  PRESSURE  AND  VELOCITY  OSCILLATIONS 


The  assessment  of  the  stability  of  a  motor  requires  the  knowledge  of  the 
response  of  the  propellant  to  pressure,  and  possibly  velocity,  oscillations. 

Various  techniques  are  used  to  measure  the  response  to  pressure  oscillations  : 
T-burner,  modulated  ejection  motor  with  an  indirect  measurement  or  a  direct 
measurement  with  the  microwave  or  the  ultrasonic  techniques  (limited  to  frequencies 
below  200  and  100  Hz).  Comparative  results  are  found  as  an  example  in  Fig. 26  [30]. 
The  MHD  technique  has  also  been  used  with  results  wich  need  to  be  confirmed  [31]. 
Recent  experiments  have  evidenced  perturbative  phenomena  (thermo-electronic  effects 
induced  on  the  probes  even  without  the  magnetic  field)  which  must  be  eliminated. 

The  modeling  of  the  response  is  based  on  the  idea  that  it  comes  from  the 
unsteadiness  of  the  condensed  phase,  with  the  flame  zone  responding  instantaneously. 
Results  from  such  a  mode!  for  an  AP  composite  propellant,  as  compared  to 
measurements  from  the  modulated  exhaust  motor,  are  indicated  in  Fig. 27  (with  values 
which  need  to  be  somewhat  revised  to  be  in  harmony  with  more  recent  inputs  in  the 
stationary  model).  In  Fig. 28  model  results  obtained  by  Brewster  [7]  for  DB  propellants 
(with  a  description  of  the  condensed  phase  in  osmosis  with  that  of  ONERA)  are  favorably 
compared  to  T-burner  measurements.  These  results  are  encouraging  and  should  lead  to 
a  more  systematic  modeling  effort  of  the  response  of  the  various  propellants. 

With  respect  to  velocity  coupling,  an  experimental  work  at  ONERA  [32]  was 
carried  out  with  an  AP  propellant  on  a  slab  motor  (equipped  with  5  ultrasonic 
transducers)  with  a  modulated  exhaust.  Erosive  burning  factors  up  to  1.5  were  obtained 
at  the  aft  end  of  the  motor  (for  a  normal  burning  rate  of  about  5  mm/s),  disappearing  as 
the  channel  would  open  up  and  the  specific  mass  flow  rate  would  fall  under  the 
threshold  value  (=  250  kg/m^s).  In  parallel,  an  extra  response  was  measured  at  the  aft 
end  of  the  motor,  as  long  as  the  erosive  burning  rate  would  persist,  see  Fig. 29.  Such 
results  were  taken  as  evidence  that  a  velocity  coupling  corresponding  to  an  unsteady 
erosive  response  exists. 

A  number  of  works  have  been  performed  about  Ideas  of  a  velocity  coupling 
mechanism  existing  even  under  conditions  where  no  steady  erosive  burning  occurs.  Most 
typical  is  that  of  Beddini  [33]  for  a  reference  double  base-propellant.  The  mechanism  put 
forward  is  that,  under  unsteady  conditions,  local  instantaneous  transverse  gradients  in 
the  velocity  profiles  are  created  which  can  trigger  turbulence  and  thus  enhance  the  heat 
flux  to  the  surface.  This  will  correspond  to  a  sensitivity  to  velocity  oscillations.  The 
conclusions  are,  it  Is  believed,  somewhat  blurred  by  the  taking  into  account  of  an 
important  equivalent  sand  roughness  of  1  00  to  1  50  yL/m  (as  compared  to  a  flame  height 
of  10  /ym),  apt  to  start  turbulence. 

The  recent  work  of  Zarko  [34]  asserts  that  a  homogeneous  propellant  with  no 
steady-state  erosion  will  not  undergo  unsteady  response  to  cross-flow.  For  composite 
propellants  however  an  Idea  is  proposed  for  a  response  to  velocity  oscillations  even 
without  steady  erosive  burning,  that  of  the  protusion  of  the  more  thermally  stable 
component  of  the  propellant  which  would  be  sensitive  to  these  velocity  oscillations,  thus 
bringing  in  one  more  mechanism  for  "velocity  coupling". 
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Real  Part  of  Response 


Figure  26.  Summary  of  pressure-coupled  response  function  results  for  the 
Ariane  5  propellant 
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Figure  27.  Response  of  the  propellant  as  obtained  from  the  theoretical 
description  and  with  the  modulated  exhaust  rocket  motor 
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Arrhenius  plot  for  uncataiyzed  double  base  propel¬ 
lant  from  [16,  25].  “nie  Arrhenius  curve  is  Eq.  9  with 
-  3.82e6  cm/s  and  E,  =  20  -  40)  kcal/raol.  The 

zeroth  order  curve  is  Eq.  13  for  =  lel7  1/s,  =»  40 

kcal/mol,  =  100  cal/g,  ^  =  0,  C  =  0.35  cal/g-K,  Tq  = 
300  fC,  a  =  i.2e-3  cm-/s. 


T-bumer  results  and  zeroth  order  quasi-steady  pre¬ 
dictions  for  real  part  of  pressure-co'upled  resptwise  func¬ 
tion  of  N4  propellant  vs.  dimensionless  frequency. 


Figure  28.  Combustion  response  modeling  of  homogeneous  solid 
propellants  (Q.  Brewster) 


Amp®  =  -1.0 


Figure  29.  Velocity  coupling  results  (G.  Avalon) 
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CONCLUSIONS 


Some  of  the  achievements  and  of  the  remaining  challenges  in  the  development 

of  propellants  and  in  the  knowledge  of  their  various  combustion  regimes  are  : 

-  Components  of  propellants  :  new  ingredients  are  developed  for  improved  characteristics 
(HNIW,  ADN,  GAP,  GAPA...).  More  work  remains  to  be  done  for  obtaining  thermally 
stable  propellants  meeting  LOVA  or  IM  requirements,  for  obtaining  environmentally- 
friendly  propellants  for  space  launchers,  military  applications,  gas  generators,  air  bags... 
It  is  felt  that  the  knowledge  acquired  should  allow  to  progress  rationally  in  the 
elaboration  of  these  new  propellants. 

-  Ignition  ;  the  ignition  characteristics,  for  double-base  propellants,  AP-inert  binder,  or 
RDX/HMX-energetic  binder  composite  propellants,  are  deemed  to  be  known  ;  they  can 
now  be  incorporated  in  the  description  of  the  motor  ignition  (see  the  presentation  by 
A.  Bizot).  The  measurements  and  the  modeling  should  be  extended  to  propellants  based 
on  the  new  ingredients  (HNIW,  ADN,  GAP...), 

-  Condensed  phase  process  :  although  some  knowledge  of  the  decomposition  kinetics 
has  been  acquired,  more  work  should  be  carried  out  to  develop  direct  measurement 
techniques  and  modeling  for  a  better  understanding  of  the  processes  in  the  condensed 
phase  (leading  to  ignition  or  during  combustion),  in  particular  relating  to  the  chemical 
species. 

-  Steady  combustion  :  it  is  estimated  that  the  knowledge  is  fairly  good  for  the  individual 
components,  AP,  DB  propellant  or  active  binder,  HMX-RDX,  inert  binder.  There  remains 
a  need  for  detailed  description  of  the  flame  structure  (with  a  complete  chemical 
reactions  scheme)  of  the  known  components  to  start  with,  to  be  extended  to  the  new 
ingredients.  After  much  modeling  work,  it  is  believed  that  an  approximate  quantitative 
picture  of  the  combustion  of  propellants  has  been  acquired,  again  to  be  extended  to 
propellants  based  on  the  new  components.  The  particular  case  of  aluminum,  for  which 
a  semi-quantitative  knowledge  exists,  needs  further  work  to  reach  a  predictive  status 
for  the  agglomeration  at  the  surface,  the  burning  and  the  formation  of  the  alumina 
smoke  and  residue,  allowing  in  particular  a  better  understanding  of  the  slag 
accumulation  in  large  motors. 

-  Response  to  erosive  burning  :  much  progress  has  been  accomplished  to  measure  and 
describe  the  erosive  burning  of  DB,  AP  or  RDX/HMX  propellants,  including  the 
metalized  propellants.  It  is  now  possible  to  incorporate  such  a  description  in  the 
prediction  of  the  operation  of  motors.  The  propellants  based  on  the  new  ingredients 
remain  to  be  considered  with  respect  to  experiments  and  modeling. 

-  Response  to  pressure  (and  velocity)  oscillations  :  the  measurements,  with  various 
techniques,  of  the  response  yield  as  yet  fairly  scattered  results.  The  prediction  through 
modeling,  based  on  the  knowledge  of  the  steady  combustion.  Is  the  object  of  renewed 
efforts.  Such  a  modeling  would  help  in  correlating  the  measurements  and  in  predicting 
the  response  of  propellants  still  at  the  begining  of  development.  Possibly  this  would 
allow  to  change  the  composition  of  the  propellant  to  calm  down  the  instability.  Some 
modeling  work  was  carried  out  years  ago  on  the  response  of  propellants  to  velocity 
oscillations,  as  well  as  some  experimental  results.  The  debate  with  respect  to  the 
various  "velocity  couplings"  remains  open,  various  mechanisms  being  proposed. 
Experimental  work  remains  the  key  point  to  determine  the  validity  of  these 
mechanisms. 
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COMMENT 

Quinn  Brewster,  Department  of  Mechanical  and  Industrial  Eng.,  University  of 
Illinois,  Urbana. 

The  correlation  between  temperature  profile  (dark  zone)  and  pressure  exponent 
break  seems  good  for  double  base  propellant  (p  =100  atm),  but  not  so  clear  for  HMX. 
Without  external  radiation  HMX  shows  no  dark  zone  even  at  1  atm,  yet  you  show  a 
pressure  exponent  break  at  20  atm,  attributing  it  to  merging  flames,  similar  to  DB.  Please 
comment  on  the  state  of  knowledge  and  similitary  between  HMX  and  DB  two  stage 
flames. 

Authors's  reply. 

It  is  felt  that  the  experimental  results  on  the  burning  rate  of  HMX  ,  see  Fig.  1 1, 
show  quite  clearly  a  change  in  burning  rate  slope  around  20  atm.  However  the  main 
indication  is  from  cinematography  revealing  a  clearly  detached  luminous  flame  at 
pressures  around  a  few  atm.  N.  Kubota  (see  for  example  :  Propellants,  Explosives  and 
Pyrotechnics,  February  1  989)  has  also  shown  such  pictures.  It  is  thus  considered  that 
HMX  has  a  double  flame  structure  like  homogeneous  propellants,  but  that  this  staged 
flame  collapses  into  one  very  quickly  for  practical  purposes. 
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ABSTRACT  This  paper  describes  recent  developments  in  gun  propellants  and  gun  propulsion 
research  from  the  energetic  material  point  of  view,  performed  under  French  MOD  sponsorship  and 
directed  toward  providing  technical  solutions  to  new  weapon  system  requirements. 

The  three  main  types  of  solid  propellants  on  which  research  is  conducted  at  SNPE  are: 
conventional  nitroceUulose-based  and  multibased  propellants,  composite  gun  propellants  based  on 
inert  binder  and  composite  gun  propellants  based  on  energetic  binder.  Recent  results  obtained  for 
each  kind  are  shown  and  discussed. 

Common  granulation  propellants  cannot  offer  required  performance  improvement.  Modular 
charges,  or  charges  in  two  pieces  for  large  caliber  guns,  need  higher  loading  density  to  get  good 
ignition^  to  minimize  pressure  waves,  and  to  reach  required  performance  levels.  Therefore,  SNPE 
performed  some  studies  on  new  partially-cut  multi-perforated  propellant  sticks  ("kerfed"  sticks). 
Some  results  are  presented  showing  their  advantages  in  better  ignition  of  a  modular  charge  and 

vulnerability  reduction.  ^  .  r 

For  future  45  mm  medium  caliber  guns,  consolidated  charges  obtained  by  agglomeration  of 
propellant  grains  with  an  energetic  binder,  provide  up  to  a  40  %  increase  in  volumetric  loading.  This 
configuration  of  grains  allows  caseless  ammunition  manufacturing  and  also  charge  arrangement  for 
telescoped  projectiles. 

The  paper  also  describes  recent  improvements  in  theoretical  dimensioning  tools  developed  by 
SNPE,  which  help  in  diagnosis,  research  orientation,  and  firing  behavior  prediction.  The 
thermodynamics  code  BAGHEERA  has  been  adopted  by  NATO,  the  chemical  kinetic  code  BALOO 
takes  into  account  new  propellant  t)q)es  and  ^n  barrel  wear;  the  interior  ballistic  code  family 
MOBIDIC  has  been  selected  at  the  French  national  level  for  fiiture  rese^ch.  The  last  includes  a 
version  with  internal  boundaries  and  is  able  to  take  into  account  discontinuities. 


INTRODUCTION 

Propulsion  in  guns  is  achieved  through  combustion  gas  generation.  Energetic  materials 
(propellants)  serve  to  store  the  potential  energy  needed  for  propulsion.  They  are  more  often  solids, 
but  may  be  liquids  or  gels.  When  ignited,  an  energetic  material  bums  under  a  self  sustained  type  of 
combustion.  It  is  also  possible  to  drive  combustion  from  the  outside,  for  example,  with  a  plasma,  i.e. 
the  electro-chemical  concept.  In  the  long  term,  one  can  imagine  other  types  of  energy  storage,  such 
as  electrical,  and  the  possibility  of  propulsion  not  based  on  gas  generation.  Electrical  launchers  are  far 
in  the  future.  Solid  gun  propellants  still  offer  substantial  opportunities  to  achieve  significant  gun 
system  improvement  in  areas  such  as  formulation,  grain  shape,  and  function. 
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Recent  developments  in  solid  gun  propellants  and  gun  propulsion  research  from  the  energetic 
materials  point  of  view,  performed  at  SNPE  under  French  Ministry  of  Defence  sponsorship,  were 
directed  toward  providing  technical  solutions  to  new  weapon  systems  requirements  [1], 

The  three  French  main  weapon  programs  are  the  155  mm  long-range  field  artillery  gun,  the 
140  mm  fiiture  main  battle  tank  gun,  and  the  45  mm  future  medium  caliber  gun.  Each  of  them  is 
based  on  a  new  concept,  respectively:  modular  charges,  charge  in  two  pieces  and  telescoped 
projectile.  These  concepts  require  advances  in  energetic  materials  to  achieve  performance,  safety, 
stability,  reliability,  life  cycle,  and  cost  goals.  Th^  also  require  vulnerability  and  erosivity  reduction 
(especially  for  high  velocity  projectile),  process  improvement,  and  environmental  protection. 

Within  this  context,  research  is  performed  by  SNPE  at  Le  Bouchet  Research  Center  in  three 
main  directions:  the  formulation  of  new  energetic  materials  for  gun  propul^on,  the  search  for  new 
gun  propellant  design  (e.g.,  cut-up  sticks,  consolidated  charges)  and/or  research  for  new  charge 
design  (e.g.,  modular  charges).  To  help  in  diagnosis,  research  orientation  and  firing  behavior 
prediction,  theoretical  dimensioning  tools  are  simultaneously  developed  by  SNPE. 

All  these  points  will  be  successively  detailed  in  the  following. 


RESEARCH  ON  SOLED  GUN  PROPELLANT  MATERIALS 

The  three  main  types  of  solid  gun  propellants  on  which  research  is  performed  at  SNPE  are: 

Conventional  nitrocellulose  based  and  multibased  propellants  (up  to  65  %  filler  content) 

Composite  gun  propellants  based  on  inert  binder  (usually  filled  with  nitramine  up  to  85  %) 
They  provide  the  same  performance  level  than  conventional  propellants  with  the  advantages 
of  more  thermally  stable  materials,  gains  in  vulnerability  reduction  and  stability,  with  an 
erosivity  level  near  that  of  conventional  propellants. 

'Z  Composite  gun  propellants  based  on  energetic  binder  (filled  with  70  to  80  %  of  nitramine) 
They  make  high  performance  possible  and  keep  vulnerability  and  erosivity  levels  within 
specified  limits. 

In  each  of  these  three  groups,  formulation  is  based  on  a  combination  of  binder,  plasticizers  and  fillers. 

Energetic  binders  used  at  SNPE  include  Nitrocellulose  and  Glycidyl  Aade  Polymer  (GAP).  Inert 
binders  include  Cellulose  Acetate  Butyrate  (CAB)  and  Hydroxy  Terminated  Polybutadiene  (HTPB). 
Some  are  thermoplastic,  others  crosslinked  in  each  kind  of  binder. 

As  plasticizers,  nitrated  esters,  BDNPA/F,  GAP  A,  DANPE,  NENAs  can  be  associated  with  energetic 
binders  or  an  inert  binder  like  CAB,  while  only  inert  plasticizers  are  to  be  usol  with  inert  binders  like 
HTPB. 

Fillers  include  cyclic  nitramines  (RDX,  HMX),  linear  nitramines  (NQ),  cage  molecules  (CL20)  or 
ionic  nitrate  (TAGN).  For  each  case,  the  choice  is  a  compromise  of  thermodynamics,  <x>mpatibility, 
feasibility,  processing,  firing  characteristics  and  cost. 

In  the  three  following  figures,  conventional  propellmits  are  represented  by  a  narrow  rectangle  in  a 
diagram  plotting  impetus  versus  flame  temperature.  The  problem  is  to  find  a  compromise  that  will 
provide  the  best  gun  performance  at  an  acceptable  erosivity  level. 
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Figure  3.  Energetic  binder  based  composite  propellants 


omposite  Propellant  bed  Combustion  chamber 


Figure  4.  SID  experimental  device 
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^  In  Figure  1,  filled  multibase  propellants  promise  a  large  reduction  in  erosivity  through  flame 
temperature  reduction  of  350  to  600  K  in  the  155  mm  field  artillery  gun,  120  mm  APFSDS  and 
the  140  mm  for  tank  guns.  Projectile  velocities  are  derived  fi-om  ballistics  computation. 
Erosivity  reductions,  related  to  flame  temperature  computed  through  the  thermodynamic  code 
B  AGHEERA,  are  less  precise  and  need  to  be  experimentally  verified. 

^  In  Figure  2,  inert  binder-based  composite  propellants  also  lead  to  performance  gains  in  155 
mm  and  120  mm  guns.  Until  now,  there  was  no  solution  for  the  140  mm  gun  because  of  a  too- 
low  impetus.  Computed  flame  temperature  reduction  for  composite  propellants  cannot  be  easily 
converted  to  erosivity  reductions  as  for  conventional  propellants,  due  to  the  Wgh  individual 
flame  temperature  of  the  filler  materials.  The  main  gain  is  in  the  area  of  vulnerability  reduction. 
Some  ignition  problems  are  on  the  way  to  being  solved  using  adapted  ignition  powder. 

For  this  group  of  composite  propellants,  the  igniter  propellant  must  be  fitted  to  gun  propellant 
composition.  On  a  laboratory  scale,  good  ignition  delay  for  inert  binder  based  composite 
propellant  has  been  reached  using  dilQferent  mixtures  of  porous  Nitrocellulose  with  Nitro¬ 
glycerine  or  TEGDN,  Ammonium  Perchlorate  and  several  metallic  charges.  Table  1  gives 
relative  ignition  delay  of  a  7-gram  RDX/PBHT  propellant  charge  in  fi-ont  of  a  350  mg  igniter 
filled  up  with  five  different  ignition  propellants.  (New  adapted  igniter  propellants  are  identified 
by  CIPl  to  CIP3.)  The  device  used  for  this  experiment  is  shown  in  Figure  4.  These  new  igniter 
propellants  are  under  tests  in  operating  guns. 


Black 

Powder 

Boron  / 
KN03 

CIPl 

C1P2 

CIP3 

1 

14 

9 

2.5 

2.8 

Table  1 

Standard  Ignition  Delays  for  inert  binder  based  composite  propellant 


^  Figure  3  shows  that  energetic  binder-based  composite  propellants  make  it  possible  to  meet 
the  higher  performance  needs,  along  with  the  possible  erosivity  reduction  necessary  to  preserve 
the  operational  interests  in  those  new  systems. 


NEW  PROPELLANT  GRAIN  DESIGN 


New  Kerfed  sticks  [2] 

Common  granulation  propellants  cannot  offer  the  performance  improvements  required  for 
today's  propelling  charges.  Calculations  (Figure  5)  show  the  correlation  between  progressivity  with 
multiperforated  grains  and  muzzle  velocity  of  the  projectile  in  a  future  155  mm  gun.  To  reach  that 
goal  value  (more  than  945  m/s)  at  the  same  time  a  higher  loading  weight  than  the  maximum  value 
reachable  with  grains  is  needed.  Modular  charges,  or  charges  in  two  pieces,  also  need  higher  density 
or  lower  porosity  to  get  good  ignition  and  flame  propagation,  in  order  to  minimize  pressure  waves 
and  to  reach  required  performance  levels.  That  is  the  reason  why  SNPE  performed  work  on  new 
"kerfed  sticks"  (e.g.,  partially-cut  multi-perforated  propellant  sticks)  [3].  These  geometries  offer 
improvements  over  tubes,  slotted  tubes,  and  pre-fi-agmented  sticks  (see  Figure  7). 
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Figure  5.  Theoretical  performance  of  various  gun 
propellant  geometries  for  the  155  mm  gun 


Figure  6.  Pressure  waves  reduction 


Kerfed  sticks  preserve  better  ignitability  allowing  the  ammunition  maker  to  utilize  flat  ignition 
systems,  using  weakened  pressure  waves  as  described  in  Figure  6.  Negative  AP  is  lowered  from  50 
down  to  15  MPa  in  the  155  mm  gun  loaded  with  six  modular  charges.  Furthermore,  kerfed  sticks 
provide,  through  their  multiperforation,  better  performance  and  behavior  with  regard  to  gun  tube 
wear  because  they  quickly  become  grains  at  the  beginning  of  the  ballistic  cycle.  Therefore,  easier 
motion  of  grains  behind  the  projectile  avoid  increased  erosion  due  to  heavy  sticks  standing  in  the 
combustion  chamber.  In  the  same  way,  improved  loading  configuration  allows  the  use  of  lighter 
weight  grains  such  as  seven  perforated  grains  instead  of  nineteen  (usually  used  in  aitilleiy)  and 
contributes  to  tube  erosion  reduction. 

For  vulnerability,  kerfed  sticks  exhibit  a  critical  diameter  larger  than  160  mm  and  no 
associated  detonation  in  modular  unicharge  when  made  with  double  base  (NC+NGl)  propellant 
(web=2.55  mm,  19  perforations)  adapted  to  the  155  mm  gun. 
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Consolidated  charges 


Consolidated  charges  obtained  by  agglomeration  of  propellant  grains  with  an  energetic  binder 
under  compression  provide  up  to  a  40  %  increase  in  volumetric  loading.  This  arrangement  of  grains 
into  blocks  allows  manufacture  of  charges  for  caseless  ammunition,  and  also  manufacture  of  moving 
charges  or  charges  adapted  to  arrow  type  projectiles.  Performance  increase  was  measured  to  be  near 
10%  with  respect  to  projectile  velocity  at  the  same  pressure  level  in  a  30  mm  gun,  for  example.  In  a 
45  mm  APFSDS,  the  results  obtained  with  a  consolidated  single-base  propellant  are  shown  in  the 
following  table,  where  they  can  be  compared  to  the  reference  propellant  (bulk  loaded  deterred  single¬ 
base).  In  both  cases,  the  maximum  pressure  was  500  MPa. 


Propellant 

weight 

(g) 

Muzzle 

velocity 

(m/s) 

Action  time 
(ms) 

Negative  AP 
(MPa) 

740 

1600 

6.3 

120 

Single-base 

(consolidated) 

830 

1640 

7.6 

0 

Table  2 

Consolidated  charge  45  mm  APFSDS  experiments 


Consolidated  charge  also  makes  it  possible  to  organize  the  flow  around  a  telescoped 
projectile.  This  is  a  technical  key  considering  that  the  dififerential  speed  of  propellant  grains  versus 
projectile  fins  is  computed  around  400  m/s.  Today  this  technology  seems  of  great  interest  for  new 
generation  of  medium  caliber  guns  of  course,  but  it  is  also  sought  for  large  calibre  gun  applications 
and  for  electro-thermo-chemical  gun  propelling  charges. 

Consolidated  igniter  propellant  tubes  or  discs  are  also  an  interesting  means  to  improve 
ignition  using  the  Combustible  Unicharge  Case  (CUC)  under  development  at  SNPE.  Grain  sizes  and 
the  agglomeration  process  are  adjusted  in  order  to  give  required  quickness  and  action  time.  With  this 
technique,  a  lot  of  designs  are  possible  e.g.,  tubes  on  one  or  both  side  of  the  CUC,  base  pad  in  the 
container. 


RECENT  DEVELOPMENTS  OF  THEORETICAL  TOOLS 

Laboratory  simulations  and  modelizations  are  useful  to  understand,  predict  and  optimize  new 
propellant  charges  behavior.  Cost  and  duration  of  ammunition  development  can  be  significantly 
reduced  by  using  theoretical  dimensioning  tools,  resulting  in  recent  improvements  in  the  field  of 
interior  ballistics.  Such  tools  developed  by  SNPE,  under  French  MOD  sponsorship,  have  been  widely 
spread  throughout  French  organizations  and  companies  and  even  at  international  level;  for  example, 
the  thermodynamic  code  BAGHEERA  was  adopted  by  NATO  (STANAG  4400)  and  its  latest 
version  integrates  a  new  equation  of  state  for  condensates  at  high  pressure. 

In  the  following  recent  developments  of  two  other  important  theoretical  tools,  the  chemical 
kinetic  code  BALOO  and  the  interior  ballistic  code  family  MOBIDIC  are  described. 
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Temperature  /Pressure 


Chemical  kinetic  code  BALOO 


The  consideration  of  chemical  reaction  kinetics  appeared  to  be  very  useful  in  improving  the 
accuracy  of  interior  ballistics  codes.  It  is  particularly  true  when  the  delay  between  the  first  propellant 
grain  decomposition  and  the  gaseous  equilibrium  is  no  longer  negligible  versus  stay-time  in  the  barrel. 
This  problem  is  very  crucial  when  using  composite  propellants  based  on  inert  binder.  TTiat  is  the 
reason  why  SNPE  developed  the  chemical  kinetic  code  BALOO.  This  code  takes  into  account  up  to 
150  species  and  500  chemical  reactions.  It  calculates  chemical  species  production  and  consumption 
rates,  temperature  and  pressure  derivatives  versus  time  and,  explicitly,  a  chemical  states  succession. 
Time  step  is  automatically  fitted  to  chosen  criteria,  in  order  to  get  a  regular  main  interior  ballistics 
variables  development.  The  model  is  numerically  solved  and  under  experimental  validation.  Predicted 
results  for  the  example  of  RDX  combustion  in  a  closed  vessel  at  a  loading  denaty  of  200  kg/m3  are 
given  in  Figures  9  and  10.  For  this  calculation,  the  Glarborg,  Miller  and  Kee  scheme  was  used  [4]  [5]. 


Time  (microseconds) 


Figure  9.  RDX  combustion 

temperature  and  pressure 


Figure  10.  RDX  combustion 

species  concentration 


The  reaction  mechanism  and  kin^ic  constant  selection  method  was  chosen  to  allow  simplification, 
streamlining  of  the  model.  A  amplified  version  of  BALOO  will  then  be  used  in  coupling  with  interior 
ballistics  code  MOBIDIC.  This  coupling  is  of  great  interest  to  study  the  ignition  phase  of  the  gun 
propellant  charge  and  for  gun  wear  prediction. 


Last  interior  ballistic  code  improvement :  MOBIDIC  FI 

The  interior  ballistics  code  family  MOBIDIC  was  selected  at  the  French  national  level  for 
future  research.  Presently,  this  family  includes  a  two-phase,  two-dimensional  code  version  with 
internal  boundaries  named  MOBIDIC  2D-FI  and  is  then  able  to  take  into  account  discontinuities  as 
the  NOVA  code  does.  This  will  be  essential  for  computing  the  three  new  ammunitions  concepts 
which  are:  unimodular  charges,  charges  in  two  pieces,  and  telescoped  ammunition. 

This  theoretical  model  has  been  used,  for  example,  to  simulate  ignition  and  combustion 
processes  of  modular  charges  for  the  155  mm.  A  comparison  between  experimental  and  theoretical 
results  is  given  in  Figures  11  and  12.  The  experimental  results  were  obtained  in  a  transparent 
simulator,  developed  for  that  purpose,  and  also  in  a  classical  metallic  simulator  with  rupture  disk 
(Figure  13).  Using  high-speed  cinematography,  tins  new  experimental  tool  gives  infonnation  on  flame 
spreading,  gas  flows,  and  mechanical  behavior  of  combustible  case  walls.  It  can  be  used  for 
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optimization  of  propellant  charge  and  igniter  design  and  to  help  select  new  energetic  materials.  It 
provided  very  interesting  information  about  internal  boundaries  behavior  useful  for  MOB1DIC-2D-FI 
validation  [6]  [7]  [8]. 


Figure  1 1 .  Comparison  at  P 1  location 


Figure  12.  Gas  pressure  at  time  0.58  ms 


Figure  13.  Transparent  simulator 


CONCLUSION 

The  future  of  gun  propellants  and  gun  propulsion  remains  focused  on  the  development  of  the 
above  mentioned  areas,  particularly  in  the  fields  of  propellant  formulation,  grain  geometry  and  charge 
firing  behavior.  Recent  improvements  make  it  possible  to  propose  viable  and  safe  solutions  for 
normal  firing.  They  also  allow  both  the  understanding  and  the  prediction  of  the  consequences  of 
accidental  firing.  Current  research  will  continue  in  those  fields  and  will  progress  in  additional  ^eas, 
such  as  processing,  vulnerability,  and  erosivity  reduction  of  propellant  charge.  This  last  point  is 
becoming  more  and  more  important  as  performance  increases. 

In  the  distant  future,  another  promising  topic  in  the  energetic  materials  area  for  gun 
propulsion  is  the  use  of  gelled  propellants  in  a  conventional  ammunition  propelling  charge.  These 
propellants  rank  between  solid  and  liquid  propellants.  They  can  develop  a  high  thermod3mamicaI 
performance  level  and  their  demonstrated  ability  to  bum,  following  a  parallel  axial  regression,  makes 
them  more  adapted  to  ballistic  adjustment  than  liquids.  Some  formulations  have  been  already  tested 
on  a  laboratory  scale  by  SNPE,  such  as  a  combination  of  TEGDN,  RDX  and  TAGN. 
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ABSTRACT:  JA2  is  a  commonly  used  gun  propellant  for  various  weapon  systems.  Knowledge  of 
its  combustion  behavior  is  useful  for  system  design  application.  The  bum  rate  of  JA2  propellant  was 
determined  as  a  function  of  pressure,  0.69  <  p  <  41.4  MPa  (100  <  p  <  6,000  psi),  and  initial 
temperature,  25°C  <  Tj  <  60  °C.  Bum  rate  plot  shows  slope  breaks  at  6.9  MPa  (1,000  psi)  and  4.5 
MPa  (650  psi)  for  the  initial  temperatures  of  25  °C  and  60  °C,  respectively.  At  high  pressures,  P  > 
40  MPa  (6,000  psi),  measured  bum  rates  were  found  to  agree  with  the  Army’s  closed  bomb  data. 
The  steady-state  bum  rates  also  agreed  with  the  instantaneous  bum  rates  obtained  from  X-ray 
radiography  measurement  conducted  at  various  chamber  pressurization  rates.  The  burning  surface 
temperature  and  temperature  sensitivity  (ap)  were  also  deduced.  The  rapid  decay  of  Cp  with  an 
increase  in  pressure  for  p  <  20  MPa  and  extremely  low  values  of  cp  at  pressures  greater  than  20 
MPa  explains  the  lack  of  dynamic  burning  of  JA2  propellant. 


NOMENCLATURE 


Symbols  Description 


a 

A 

C 

Ea 

k 

.  if 

n 

P 

Q 

Qtot 

Rb 

Ru 

T 

X 


Pre-exponential  for  St.  Robert’s  law 
Pre-exponential  of  pyrolysis  law 
Heat  capacity,  J/(gm  °C) 

Activation  energy,  J/mole 
Thermal  conductivity,  J/(cm  s  °C) 

Mass  burning  flux,  kg/(cm"  s) 

Burning  rate  exponent  for  St.  Robert’s  law 
Pressure,  N/m^  or  MPa  or  atm 
Heat  flux,  J/(m^  -  s) 

Heat  release,  J/(gm  °C) 

Total  heat  release  at  constant  volume  in  a  combustion  wave,  J/(gm  °C  s) 
Strand  burning  rate,  cm/s 
Universal  gas  constant,  J/(mole  K) 

Temperature,  °C 
Axial  coordinate,  cm 
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Greek  Symbols 


a 

Thermal  diffusivity,  cmVs 

Y 

Ratio  of  specific  heats  (Cp/Cv) 

Op 

Temperature  sensitivity 

P 

Density,  gm/cm^ 

Subscripts 

A 

Ambient  conditions 

c 

Solid  (Condensed)  phase 

f 

Flame 

g 

Gas 

i 

Initial 

P 

Propellant 

ref 

Reference  value 

s 

Surface 

INTRODUCTION 

JA2  is  used  in  a  variety  of  ballistic  systems.  Although  JA2  bum  rate  data  have  been  obtained  from 
closed-bomb  testing,  no  reliable  data  exist  which  describe  the  steady-state  burning  behavior  of  this 
propellant  over  a  broad  pressure  range.  For  pressures  below  62  MPa  (9,000  psi),  the  results  can  be 
affected  by  the  igniter,  flame  spreading  over  the  propellant  grain,  and  transient  burning  of  the 
sample.  It  is  also  difficult  to  use  closed-bomb  tests  to  determine  the  burning  surface  temperature  of 
the  propellant.  Reliable  measurement  of  the  steady-state  burning  rate  and  thermal-wave  profile  of 
the  JA2  propellant  will  allow  the  chemical  processes  of  the  combustion  of  this  propellant  to  be 
understood. 

Many  references  can  be  found  in  the  literature  which  address  the  combustion  mechanisms  of 
conventional  double-base  propellants  [1-7].  JA2  is  a  modified  double-base  propellant  consisting  of 
three  major  ingredients:  nitroglycerin  (NG),  nitrocellulose  (NC),  and  diethylene  glycol  dinitrate 
(DEGDN).  Table  1  lists  the  detail  formulation  of  JA2  propellant.  The  solid  JA2  propellant,  its 
flame  structure,  and  its  thermal  wave  structure  are  homogeneous  [2].  The  adiabatic  flame 
temperature  of  JA2,  2,883  K  at  P=100  atm,  provides  a  relatively  high  impetus  for  the  propellant 
without  causing  gun  barrel  erosion.  From  the  mechanical  property  point  of  view,  JA2  propellant 
grains  are  highly  suited  for  ballistic  applications,  since  they  have  very  high  resistances  to  fracture.  In 
addition,  the  handling  and  packaging  of  JA2  propellants  are  relatively  easy. 

It  is  usually  very  difficult  to  obtain  an  accurate  trace  of  the  thermal  wave  profile  inside  a  burning 
propellant.  Properly  mounting  the  thermocouple  in  the  propellant  strand,  removing  excess  acetone 
from  the  sample,  and  securing  thermocouple  connections  to  the  extension  wire  make  the  process  a 
very  tedious  and  challenging  one  [8,9].  At  all  test  pressures,  carbonaceous  residues  are  observed  to 
form  on  the  surface  and  periodically  flake  off  [10].  This  can  affect  the  thermocouple  measurements 
near  the  burning  surface.  Measuring  the  thermal  wave  profile  becomes  more  difficult  as  the  test 
pressure  increases  due  to  increased  bum  rates.  As  the  burning  rate  increases,  less  time  is  available 
for  the  thermal  wave  to  form  in  the  propellant.  At  some  point,  the  thermal  wave  thickness  is  so 
small  that  the  use  of  thermocouples  is  extremely  difficult.  Zenin  and  Finjabore  [3,12],  Klein,  et  al., 
[8],  and  Klager  and  Zimmerman  [13]  have  made  successful  measurements  of  the  thermal  wave  of 
double-base  propellants  using  fine- wire  micro-thermocouples  with  a  bead  size  no  greater  than  5  pm. 
Once  a  reproducible  thermal  wave  was  measured,  the  data  were  used  to  interpret  the  combustion 
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processes  of  the  propellant  and  to  determine  certain  important  thermochemical  parameters  of  the 
propellant,  e.g.,  burning-surface  temperature,  thermal  diffusivity,  and  thermal  conductivity. 


TABLE  1 

Chemical  Composition  of  JA2 


Ingredient  Name 

Chemical  Composition 

Molecular 

Weight 

(kg/kmole) 

Mass 

Fraction 

(%) 

Nitrocellulose  (13±.04  %N) 

[C6H7(OH)0  42(ONO2)2.58]n 

(246.255)n 

59.50 

Nitroglycerin 

CH2  (0N02)CH(0N02)CH2(0N02) 

227.085 

14.90 

Diethylene  glycol  dinitrate 
(DEGDN) 

02NOCH2CH20CH2CH20N02 

196.115 

24.80 

N’-Methyl-N-N- 
Diphenylurea  (Akardit  II) 

CH3NHC0N(C6H5)2 

226.270 

0.70 

Magnesium  Oxide 

MgO 

40.304 

0.05 

Graphite 

c 

12.011 

0.05 

The  purpose  of  this  work  is  to  investigate  the  combustion  behavior  of  JA2  propellant.  Specifically, 

the  objectives  of  the  research  are; 

(1)  to  measure  the  steady-state  burning  rate  at  various  operating  conditions; 

(2)  to  determine  the  temperature  sensitivity  of  the  propellant  burning  rate; 

(3)  to  measure  the  thermal-wave  structure  and  burning-surface  temperature  of  the  propellant  using  a 
fine- wire  thermocouple; 

(4)  to  deduce  various  important  thermochemical  properties  from  the  thermal-wave  structure.  These 
parameters  include  thermal  diffusivity,  activation  energy  and  pre-exponential  factor  for  the 
Arrhenius  pyrolysis  law,  the  burning  rate  exponent  (n)  and  the  coefficient  (a)  for  the  St.  Robert’s 
burning  rate  law;  and 

(5)  to  compare  and  combine  the  results  of  this  work  with  other  companion  research  work  conducted 
at  the  Pennsylvania  State  University  to  give  a  full  description  of  the  combustion  behavior  of  JA2. 


EXPERIMENTAL  APPROACH 


Experimental  Apparatus  for  Strand  Burner  Tests 

A  windowed  strand  burner  was  used  to  study  the  combustion  behavior  of  the  JA2  propellant.  Figure 
1  shows  a  schematic  diagram  of  the  strand  burner  setup  used  to  measure  the  burning  rate  and  surface 
temperature  of  JA2  at  various  pressures.  A  piece  of  nichrome  wire  imbedded  in  a  small  strand  of 
NOSOL  363  propellant  was  used  as  an  igniter  for  the  JA2  propellant.  An  electric  current  was  sent 
through  the  nichrome  wire  by  an  external  power  supply  to  ignite  the  thin  NOSOL  363  propellant  for 
achieving  uniform  ignition  and  burning  of  the  JA2  strand. 

For  pressures  less  than  13.8  MPa  (2,000  psi),  the  chamber  pressure  was  measured  by  a  Validyne 
transducer  (DP-215)  and  a  carrier  demodulator  (CD  15)  with  a  frequency  response  of  1,000  Hz.  To 
maintain  the  desired  pressure  level  in  the  strand  burner,  an  Omega  solenoid  valve  (SV106)  was  used 
to  control  the  flow  rate  of  exhaust  gases.  For  pressures  above  13.8  MPa  (2,000  psi),  a  Kistler 
pressure  transducer  and  charge  amplifier  were  used  to  measure  the  chamber  pressure.  At  test 
pressures  between  13.8  MPa  (2,000  psi)  and  41.4  MPa  (6,000  psi),  an  Atkomatic  solenoid  valve  was 
used  to  maintain  desired  pressures  by  exhausting  excess  gas.  The  voltage  signal  produced  by  the 
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pressure  transducer  was  monitored  by  an  EBM-AT  personal  computer,  which  controlled  the  solenoid 
valve  and  maintained  the  desired  test  pressure.  For  high  pressure  tests,  the  solenoid  valve  was 
replaced  by  a  surge  tank,  and  the  IBM-AT  PC  controller  was  removed  from  the  setup. 

The  Validyne  and  Kistler  pressure  transducers  were  calibrated  by  a  high-accuracy  Heise  pressure 
gauge.  The  charge  amplifier  for  the  Kistler  pressure  transducer  was  calibrated  by  inputting  a  known 
voltage  signal  to  the  charge  amplifier  and  adjusting  the  sensitivity  until  the  output  reached  the 
desired  level. 

A  silicon  bath  was  used  to  condition  the  chamber  to  a  desired  test  temperature.  The  silicon  fluid  was 
maintained  at  a  desired  temperature  with  a  combination  heating  and  cooling  unit  fitted  with  a 
magnetic  stirrer.  A  pump  attached  to  the  unit  circulated  the  silicon  fluid  through  a  copper  jacket 
wrapped  around  the  chamber. 


Figure  1 .  Schematic  diagram  of  experimental  apparatus  used  in  strand  burning  tests 


The  nitrogen  purge  gas  was  adjusted  with  a  resistant  heating  unit.  When  the  propellant  strand  was 
exposed  to  the  purge  gas  for  a  sufficient  period  of  time,  the  temperature  of  the  propellant  strand 
became  identical  to  the  gas  temperature.  Thermocouple  imbedded  within  the  propellant  indicated 
when  this  was  achieved.  To  help  maintain  the  propellant  strand  at  a  given  temperature,  the  power 
delivered  from  the  heater  to  the  purge  gas  was  regulated  by  a  Honeywell  temperature  controller. 
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Strand-Burning  Rate  and  Thermal  Wave  Structure  Measurements 

A  scale  was  optically  superimposed  on  the  image  of  the  6.25mm  diameter  propellant  strand  by  a 
semitransparent  mirror.  A  Panasonic  VCR  and  camcorder  were  used  to  record  the  test  sample  image 
and  superimposed  scale  through  the  chamber  window  at  the  rate  of  30  frames/s.  A  clock 
superimposed  on  the  image  by  the  camera  provided  time  of  the  bum.  The  length  of  the  strand  that 
burned  in  a  certain  amount  of  time  was  measured  from  the  scale  superimposed  on  the  image  to 
determine  the  burning  rate. 

The  thermal  wave  stmctures  of  the  JA2  propellant  were  measured  under  steady  burning  conditions 
by  a  thermocouple  made  from  25-fXm  fine-wire  rolled  to  a  thickness  of  5-p.m.  The  thermocouple 
was  bent  into  the  shape  of  an  inverted  U  (see  Fig.  2).  The  joint  was  positioned  in  the  center  of  the 
flat  portion  of  the  U.  This  flat  portion  helped  reduce  conductive  heat  losses  from  the  thermocouple 
[3,  9,  11,  12].  Empirical  results  showed  that  the  most  reproducible  temperature-time  traces  were 
obtained  when  the  flat  portion  of  the  U  was  about  0.4  mm  (0.0157  in).  This  length  provided 
sufficient  distance  to  prevent  heat  loss  from  the  thermocouple  and  still  short  enough  to  prevent 
excessive  movement  of  the  thermocouple  bead  when  the  burning  surface  passed  by  the 
thermocouple  during  testing.  Figure  2  shows  the  general  process  of  mounting  the  thermocouple. 
The  method  illustrated  in  Fig.  2  is  similar  to  the  method  used  by  Zenin,  et  al  [3];  and  Klein,  et  al  [8]. 
To  embed  the  thermocouple  in  a  strand,  the  propellant  strand  was  split  longitudinally,  and  the 
thermocouple  was  mounted  in  one  half  of  the  propellant  with  the  base  of  the  U  parallel  to  the  top 
and  bottom  surfaces  of  the  strand  and  the  leads  of  the  thermocouple  extending  from  each  side.  A 
small  amount  of  acetone  was  applied  in  the  neighborhood  of  the  thermocouple  junction  to  soften  the 
propellant  in  that  region.  Acetone  was  also  placed  on  the  inner  surface  of  each  half  of  the  propellant 
stick,  and  the  two  halves  were  pressed  together  to  reform  the  strand.  The  sample  was  baked  in  an 
oven  heated  to  60  °C  (140  °F)  for  24  hours  to  remove  as  much  of  the  acetone  as  possible.  A  few 
samples  were  baked  under  the  same  conditions  for  48  hours.  No  noticeable  differences  were 
observed.  Then  the  strand  was  mounted  vertically  in  the  windowed  strand  burner  for  testing. 


Propellant  Propellant  Strand 

Strand _ is  Split  Longitudinally 


Thermocouple  is  Propellant  Strand 

Embedded  is  Reformed 


Figure  2.  Thermocouple  embedding  process. 


Determination  of  the  Physical  and  Thermochemical  Properties  of  JA2  from  Recorded 
Temperature-Time  Traces 

In  this  study,  the  characteristic  time  of  the  thermal  wave,  thermal  diffusivity,  and  temperature 
sensitivity  were  determined  by  utilizing  a  one-dimensional,  steady-state,  energy-balance  equation 

[2,8,14],  The  energy  equation  can  be  written  as 


^  p^b 


C  ^  =  0 
c  dx 


(1) 
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Since  JA2  propellant  is  opaque,  in-depth  radiation  absorption  is  assumed  to  be  negligible.  In 
general,  the  thermal  properties  of  the  propellant  are  functions  of  temperature.  Miller  [16,17]  showed 
that  the  values  of  a,  k,  and  vary  to  some  extent  with  the  propellant  temperature  (for  -4{)<T<50 
°C).  However,  the  assumption  that  the  thermal  properties  of  the  propellant  were  constant  was 
utilized.  Using  this  assumption,  Eq.  (1)  can  be  integrated  with  the  following  boundary  conditions: 


x  =  0  -Ts 

x  =  ~oo  T  =  T^ 


to  yield  the  exponential  expression: 


T -T 
T  ~T 


=  exp( 


rbPpCc^. 


(2) 


where  -«>  <  x  <  0.  The  burning  propellant  surface  corresponds  to  x  =  0. 

By  measuring  the  bum  rate  of  the  JA2  propellant  at  various  initial  temperatures,  the  temperature 
sensitivity  of  the  propellant  (Op)  is  determined  from  the  following  equation,  based  upon  the 
definition  of  Op  [15]: 


<J 


P  ~ 


1 

r— 

1 

r 

so 

L. 

1 

(3) 


According  to  Arrhenius  law,  the  relationship  between  the  surface  temperature  and  the  burning  rate 
may  be  expressed  [15,  24]: 


'i,  ='^exp(-^)  (4) 

If  the  bum  rate  is  transformed  into  a  mass  bum  rate  by  multiplication  of  the  bum  rate  by  the 
propellant  density,  a  different  form  of  the  gasification  law  [3]  is: 

_ ^ 

'"i  =  Pp^  =  (5) 

To  bypass  the  problem  of  determining  the  Arrhenius  coefficient,  the  following  relationship 
suggested  by  Zenin  [24]  for  numerous  double-base  propellants  is  utilized: 

=  1 . 8x1 0^  exp( - )  (6) 

This  expression  corresponds  to  an  activation  energy  of  21  kcal/mole,  and  it  implies  that  as  soon  as  Tb 
is  measured,  the  burning  surface  temperature  is  known. 

Neglecting  radiation  effects,  an  energy  balance  at  the  burning  surface  may  be  written: 
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When  the  result  of  Qs  calculated  from  Eq.  (7)  is  divided  by  the  heat  of  explosion,  it  can  be  compared 
to  that  determined  from  the  empirical  relationship  proposed  by  Zenin  [3,24]  expressing  the  amount 
of  heat  release  from  the  condensed  phase  during  the  combustion  of  a  double-base  propellant: 


Q 


^-0.17-0.103- exp( 


TOT 


(8) 


where  Qtot  represents  the  total  heat  release  at  constant  volume,  r^^  is  the  linear  bum  rate  in  cm/s,  and 
p  is  the  pressure  in  atmospheres. 


DISCUSSION  OF  RESULTS 


Thermal  Wave  Structures  for  Solid-  and  Gas-  Regions 

A  typical  thermocouple  trace  is  shown  in  Fig.  3.  A  vertical  line  indicates  the  location  of  the  burning 
surface.  The  burning  surface  temperature  is  labeled  Ts  and  its  value  was  estimated  from  Eq.(6). 
Points  to  the  left  of  the  burning  surface  reveal  the  thermal  wave  within  the  solid  phase.  These  points 
decay  somewhat  in  exponentially  fashion  from  the  surface  temperature,  Ts,  to  the  initial 
temperature,  Tq.  The  slight  variation  in  the  subsurface  temperatures  could  have  been  caused  by  the 
changing  properties  of  JA2  as  the  propellant  was  heated  or  by  the  presence  of  impurities. 

Points  to  the  right  of  the  burning  surface  line  indicates  the  thermal  wave  within  the  gas  phase.  The 
temperature-time  trace  in  this  region  shows  some  minor  fluctuation.  In  the  vicinity  of  the  burning 
surface,  the  thermal  trace  could  have  been  affected  by  carbonaceous  deposits  that  formed  on  the 
surface  during  combustion  and  then  broke  free  of  the  surface  [10].  As  the  thermocouple  became 
more  exposed  to  the  combustion  gasses,  it  was  subjected  to  motion  and  flutter  in  the  gas  flow.  The 
combustion  products  present  in  the  gas  phase  are  known  to  react  in  the  presence  of  platinum. 
Because  of  the  catalytic  effects  of  platinum,  Klein,  et  al  [8]  used  a  thermocouple  coated  with  a  thin 
layer  of  borax  and  measured  a  somewhat  different  gas-phase  trace  than  was  measured  with  an 
uncoated  thermocouple.  Because  the  aim  of  this  study  was  to  measure  the  thermal  wave  up  to  the 
burning  surface  of  the  propellant,  uncoated  thermocouples  were  used,  and  thus,  the  gas  phase  traces 
may  not  be  accurate.  In  addition,  luminous  flame  was  not  present  at  pressures  below  1.03  MPa  (150 
psig);  thus,  only  fizz  burning  occurred.  At  test  pressures  above  150  psig,  the  presence  of  a  dark  zone 
and  luminous  flame  was  observed.  The  dark  zone  was  physically  observable  for  pressures  up  to 
3.10  MPa  (450  psig). 

Figure  4  is  provided  to  illustrate  the  consistency  achieved  in  measuring  the  thermal  profile  of  the 
burning  JA2  propellant.  The  profiles  virtually  overlay  each  other  in  the  subsurface  region.  The 
average  of  these  traces  in  the  sub-surface  region  can  be  fitted  with  an  exponential  profile.  The  traces 
begin  to  diverge  as  the  gas-phase  region  passes  over  the  thermocouple  and  causes  the  thermocouple 
to  experience  some  movement.  The  position  of  divergence  is  a  good  indication  of  the  location  of  the 
burning  surface  and  hence  its  surface  temperature.  The  agreement  between  the  measured  and  the 
predicted  ones  using  eq.  (6)  is  excellent. 


Burning  Rate  Characteristics 

This  study  examined  the  dependency  of  JA2  burning  rate  on  pressure  ranging  from  0.689  MPa  (100 
psi)  to  41.4  MPa  (6,000  psi).  Figure  5  shows  a  log-log  plot  of  the  bum  rate  versus  pressure.  For 
data  collected  with  an  initial  temperature  of  25°C,  the  graph  shows  a  slope  break  near  5.51  Mpa  (800 
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Distance  from  Burning  Surface,  |im 


Figure  3.  Typical  thermocouple  trace 


Figure  4.  Overlay  of  thermal  wave  profiles 
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psi).  Using  St.  Robert’s  bum  rate  formula  (r^  =  a  p"),  the  pressure  exponent,  n,  and  the  coefficient, 

a,  can  be  determined  for  each  curve  shown  on  the  plot.  The  coefficient  (a)  was  calculated  from  the 
y-intercept  of  the  regression  analysis.  The  pressure  exponent  (n)  was  determined  by  the  slope  of  the 
regression  analysis.  Data  collected  at  various  pressures  with  an  initial  propellant  temperature  of 
60°C  show  a  slope  break  at  4.5  MPa  (650  psi). 

When  the  results  of  the  steady-state  burning  rate  measurements  of  this  work  were  compared  to  the 
interrupted  bum  rate  measurements  made  by  Watson,  et  al  [18]  and  the  closed-bomb  tests  of  the 
Army  [19],  as  shown  in  Fig.  6,  good  agreement  is  seen  for  pressures  greater  than  20.7  MPa  (3,000 
psi).  For  lower  pressures  there  is  a  great  disparity  in  the  data.  At  low  pressures  the  closed  bomb 
data  are  subject  to  errors  caused  by  the  igniter  and  flame  spreading  processes.  The  instantaneous 
bum  rates  deduced  from  the  interrupted  burning  tests  conducted  at  PSU  [18]  are  also  plotted  on  the 
graph.  In  general,  the  instantaneous  bum  rate  data  are  in  good  agreement  with  the  steady-state  data. 
This  agreement  shows  the  extraordinarily  stable  burning  behavior  of  JA2.  Detailed  reasons  are 
given  by  Watson,  et  al.  [18]. 

Figure  7  shows  the  effect  of  initial  temperature  and  chamber  pressure  on  burning  rate  by  combining 
PSU  bum  rate  data  (up  to  41.4  MPa  (6,000  psi))  with  Aimy  closed-bomb  bum  rate  data.  A  slope 
break  was  observed  in  the  data  at  5.5  MPa  (800  psi).  For  each  curve  shown  in  Fig.  7,  a  pressure 
exponent  (n)  and  coefficient  (a)  for  the  St.  Robert's  law  were  calculated  to  describe  the  JA2 
propellant  bum  rate  for  a  broad  range  of  pressures. 

The  data  in  Fig.  7  were  used  to  generate  the  temperature  sensitivity  plot  of  shown  in  Fig.  8.  In  Fig. 
8,  there  are  two  curves:  the  solid  line  represents  the  curve  fits  through  the  bum  rate  data  collected  at 
the  initial  temperatures  of  25  °C  and  60  °C,  and  the  dashed  line  represents  the  curve  fits  through  the 
bum  rate  data  collected  at  the  initial  temperatures  of  25  °C  and  -40  °C.  The  short  dashed  portion  of 
the  curve  fit  for  the  data  collected  at  the  initial  temperatures  of  25  °C  and  -40  °C  at  pressures  below 
20  MPa  (2,900  psi)  represents  conjectured  profile  based  upon  the  shape  of  the  solid  curve.  For 
pressures  above  20  MPa  (2,900  psi),  the  value  of  ap  is  low.  As  the  pressure  increases  from  0.69 
MPa  (100  psi)  to  20  MPa  (2,900  psi),  the  value  of  ap  decreases  rapidly  to  very  low  values.  This 
decline  in  ap  and  the  very  low  values  of  ap  at  higher  pressures  cause  the  lack  of  dynamic  burning 
effect  of  JA2  propellant  discussed  by  Watson,  et  al  [18]. 


Characterization  of  Thermochemical  Behavior  of  JA2  Propellant 

Surface  temperature  was  determined  from  the  temperature-time  traces  for  comparison  with  eq.  (6). 
To  determine  the  surface  temperature  from  the  experimental  data,  a  semi-log  plot  of  the 
temperature-time  trace  was  created.  Data  points  in  the  sub-surface  region  of  the  trace  formed  a 
straight  line  on  the  semi-log  plot.  The  point  at  which  the  trace  made  a  break  from  its  linearity  was 
determined  to  be  the  location  of  the  surface  temperature  [1 1,14].  When  irregularities  were  observed 
in  the  subsurface  plot,  the  break  from  linear  had  to  be  judged  by  using  the  data  points  above  150  °C 
(302  '^F). 

Because  properties  of  the  propellant  (e.g.,  thermal  conductivity,  thermal  diffusivity,  and  heat 
capacity)  change  with  temperature,  the  surface  temperature  was  in  general  difficult  to  determine. 
This  graphical  method  of  determining  the  surface  temperature  is  subjective  and  can  be  ambiguous. 
The  results  of  the  data  analysis  were  plotted  in  Fig.  9  with  the  predicted  value  of  the  surface 
temperature  from  Eq.(6).  Figure  9  shows  the  good  agreement  between  the  experimentally 
determined  and  the  predicted  values  of  the  surface  temperature.  Table  2  lists  the  pressures, 
predicted  and  experimentally  deduced  surface  temperatures. 
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Figure  5.  JA2  strand  bum  rates  as  a  function  of  pressure  and  initial  temperature 
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Figure  6.  Comparison  of  JA2  strand  burner  bum  rate  data  with  those  obtained  from  PSU  intermpted 

burner  [18]  and  Army  closed  bomb  [19] 
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Figure  8.  Temperature  sensitivity  of  JA2 
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Figure  9.  Dependence  of  surface  temperature  on  pressure 


TABLE  2 

Predicted  and  Experimentally  Deduced  Surface  Temperatures  for  Test  Pressures 


Initial  Temperature,  Tj  =  25°C 

Initial  Temperature,  Tj  =  60° C 

Pressure 

Predicted 

Deduced 

Predicted 

Deduced 

MPa  (psi) 

Surface  Temp 

Surface  Temp 

Surface 

Surface  Temp. 

From  Eq.(6) 

from  T-t  Traces 

Temperature 

from  T-t  Traces 

(°C) 

(°C) 

(°C) 

(°C) 

0.69(100) 

351 

334  ±  30 

387 

397+  10 

2.06  (300) 

424 

445  ±30 

427 

450120 

3.10(450) 

439 

454  ±  20 

— 

_ 

4.10(600) 

— 

— 

482 

470120 

5.15(800) 

465 

465  ±  20 

— 

1 

Figure  9  clearly  shows  that  the  temperature  of  the  burning  surface  increases  with  increasing 
pressure.  When  the  surface  temperature  was  plotted  versus  the  bum  rate,  as  shown  in  Fig.  10,  the 
activation  energy  of  the  propellant  could  be  determined.  By  this  method  the  activation  energy  of 
JA2  was  determined  to  be  94.0  kJ/mole  (22.4  kcal/mole).  This  value  agrees  quite  well  with  the  21 
kcal/mole  activation  energy  used  to  predict  the  values  of  Tg.  The  pre-exponential  constant  for  the 
pyrolysis  law,  A,  is  18.54  m/s. 
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Figure  1 1  shows  the  deduced  specific  heat  release  at  the  burning  surface  (Qs),  expressed  in  terms  of 
a  fraction  of  heat  of  explosion  of  the  propellant  (Qtot),  as  a  function  of  pressure.  Values  of  Q/Qtot 
were  deduced  from  Eq.(8)  based  upon  measured  quantities  (such  as  burning-surface  temperature, 
initial  temperature,  chamber  pressure,  propellant  regression  rate,  and  temperature  gradients  above 
and  below  the  burning-surface)  and  calculated  thermal  properties  of  the  solid-  and  gas-  phases  near 
the  burning  surface.  The  thermal  diffusivity  of  the  solid  propellant  was  determined  from  the 
measured  characteristic  time  of  the  thermal  wave  and  the  regression  rate  of  the  propellant.  Thermal 
properties  of  the  gas  phase  were  determined  by  specifying  the  chamber  pressure  and  burning-surface 
temperature  for  the  CET86  computer  code.  These  data  were  utilized  in  the  evaluation  of  Qs  from 
Eq.(8).  As  shown  in  Fig.  11,  Qs  generally  increases  with  chamber  pressure.  The  variation  of  the 
deduced  data  in  Fig.  1 1  is  believed  to  be  caused  by  the  variation  in  the  surface  temperature  and  the 
estimated  values  of  the  solid-phase  thermal  and  transport  properties.  The  predicted  values  of 
Qs/Qtot  versus  pressure  based  upon  Zenin’s  correlation  for  various  double-base  solid  propellant 
[3,12,24]  are  superimposed  on  the  same  figure.  In  general,  the  predicted  values  using  this 
correlation  are  within  the  experimental  uncertainty. 

The  thermochemical  properties  deduced  in  this  study  are  useful  for  analyzing  the  combustion 
performance  of  JA2  propellant  and  for  gaining  a  better  understanding  of  the  characteristic  behavior 
of  this  propellant.  The  values  of  thermochemical  and  physical  properties  obtained  from  literature 
and  utilized  in  this  study  are  presented  in  Table  3. 


-0.0016  -0.0015  -0.0014  -0.0013  -0.0012 

-1/Ts,  1/K 

Figure  10.  Relation  between  bum  rate  and  burning  surface  temperature  for  JA2 
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Figure  1 1 .  Heat  release  at  the  burning  surface,  expressed  in  fraction  of  heat  of  explosion  of  the 

propellant,  as  a  function  of  pressure 


TABLES 

Thermochemical  and  Physical  Properties  of  JA2 


Property 

Value 

Property 

Value 

/’p.  g/cc 

1.595 

Eg,  kJ/mole 

94.0 

Cp,J/(gm°C) 

0.40 

Heat  of  Explosion,  cal/gm 

1117.3 

Cc ,  J/(kg  K) 

1341.8 

Impetus,  J/gm 

1 142.4 

y  for  product  gas 

Gp  (near  surface),  m^/s 

1.226 

3. 8x10-"^ 

Tf ,  K  (p=100  atm) 

2883 

SUMMARY  AND  CONCLUSIONS 

In  this  study,  the  steady-state  combustion  characteristics  of  JA2  propellant  have  been  studied  at 
various  pressures  [0.69  MPa  (100  psi)  <  p  <  41.4  MPa  (6,000  psi)].  JA2  propellant  strands  were 
burned  in  an  optical  strand  burner.  The  propellant  burning  rates  were  deduced  from  the  recorded 
video  images  of  the  burning  surface  regression  using  a  superimposed  scale.  Thermal  wave  profiles 
were  measured  using  fine-wire  thermocouples  at  initial  propellant  temperatures  of  25  °C  and  60  °C 
for  pressures  from  0.69  MPa  (100  psi)  to  5.51  MPa  (800  psi).  Using  reproducible  results  of  the 
measured  temperature-time  traces,  the  burning-surface  temperatures  were  determined  for  various 
test  conditions.  Several  important  thermochemical  properties  [such  as  the  specific  heat  release  at  the 
surface  (Qg),  temperature  sensitivity  (Gp),  and  the  activation  energy  (Ea)]  were  deduced  from  the 
measured  temperature-time  traces. 

The  major  conclusions  of  this  study: 

I.  Steady-state  strand  bum  rate  data  agree  very  well  with  the  bum  rate  data  using  either  the 
PSU  interrupted  burner  and  the  Army  closed-bomb.  This  agreement  clearly  demonstrates  the 
stable  burning  characteristic  of  JA2  propellant,  i.e.,  its  lack  of  dynamic  burning  behavior. 
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This  observation  can  be  explained  by  the  sharp  decrease  of  the  temperature  sensitivity  (ap) 
over  the  pressure  range  from  0.69  MPa  to  20  MPa  (100  psi  to  3,000  psi)  and  the  low  values 
of  temperature  sensitivity  for  pressures  above  20  MPa  (3,000  psi). 

2.  The  bum  rate  was  determined  as  a  function  of  pressure  and  initial  temperature.  Slope  breaks 
in  semi-log  plots  of  the  bum  rate  as  a  function  of  pressure  and  initial  temperature  were 
observed.  Expressions  of  St.  Robert’s  law  to  describe  the  bum  rate  behavior  of  JA2  above 
and  below  the  slope  breaks  for  each  initial  propellant  temperature  were  determined.  The 
values  of  the  coefficient  and  pressure  exponent  for  each  expression  of  St.  Robert’s  law  were 
given  as  functions  of  initial  temperature  for  initial  propellant  temperatures  between  -40°C 
and  60°C. 

3.  Burning-surface  temperature  was  determined  from  the  measured  thermal  wave  profiles.  The 
burning-surface  temperatures  deduced  from  temperature-time  traces  agreed  with  the  values 
predicted  by  an  empirical  rate  expression  of  Zenin  [3,24]. 

4.  The  activation  energy  of  JA2  propellant  associated  with  pyrolysis  was  determined  to  be  22.4 
kcal/mole.  The  value  compares  quite  closely  with  the  average  activation  energy  of  21 
kcal/mole  for  numerous  double-base  propellants  studied  by  Zenin. 

5.  Values  of  the  specific  heat  release  at  the  propellant  burning  surface,  Q^,  were  also 
determined  for  JA2  propellant.  The  value  of  Qg  increases  slightly  with  pressure.  When  the 
comparing  the  Qg  values  with  the  results  of  Zenin's  relation  for  the  heat  release  at  the 
burning  surface  of  double-base  propellants,  the  heat  release  at  the  burning  surface  calculated 
by  Zenin's  relation  is  within  the  experimental  error  of  the  measurements  of  this  study. 
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ABSTRACT:  A  highly  filled  multiperforated  gun  propellant  containing  predominately  RDX  was 
spray  coated  on  its  surface  with  cellulose  acetate  butyrate  (CAB).  The  coating  thickness  was  either  1 
or  2.4%  by  weight.  The  purpose  of  the  coating  was  to  lower  the  initial  maximum  peak  pressure  and 
impart  a  progressive  bum  rate  to  the  gun  propellant  grains.  The  coated  and  uncoated  propellant  grains 
were  combusted  in  a  closed  bomb.  Pressure-time  combustion  curves  were  obtained.  The  homogene¬ 
ity  and  thickness  of  the  coatings  were  measured  from  photomicrographs  and  x-ray  maps  obtained 
using  a  differentially  pumped  scanning  electron  microscope  (WET-SEM)  equipped  with  a  light  ele¬ 
ment  energy  dispersive  x-ray  detector  (EDS).  The  SEM  and  closed  bomb  results  showed  that  the  ini¬ 
tial  pressure-time  ballistic  traces  could  be  lowered  and  retarded  as  a  function  of  coating  thickness. 


INTRODUCTION 

When  a  gun  propellant  bums  in  the  barrel  of  a  weapon,  the  internal  ballistic  energy  of  the  propellant 
is  best  utilized  if  the  gas  pressure  is  kept  as  constant  as  possible  up  to  die  time  die  projectile  emerges 
from  the  barrel.  In  order  to  best  achieve  this  progressive  bum  one  can  impart  a  suitable  shape  to  the 
grain  as  well  as  treating  the  surface  of  the  grain  with  a  suitable  substance  that  retards  initial  combus¬ 
tion.  By  treating  the  surface  with  an  inert  substance  one  can  lower  the  maximum  peak  pressure  of  the 
pressure-time  curve  in  a  gun  chamber  environment.  This  surface  treatment  will  also  alter  the  time 
trace  in  the  low  (<  1000  psi)  pressure  range. 

Extmded  single  and  double  base  gun  propellants  have  traditionally  had  methyl  and  ethyl  centralite  dri¬ 
ven  into  the  exterior  propellant  surface  to  control  the  pressure  peak  maximum.  This  surface  treatment 
slows  the  burning  rate  of  the  exterior  surface  with  relationship  to  die  inner  surface,  so  that  a  more  pro¬ 
gressive  ballistic  behavior  is  achieved.  The  steeping  method  for  diffusing  the  centralites  into  the  pro¬ 
pellant  grain  is  not  applicable  to  highly  filled  propellants. 

This  paper  will  discuss  the  research  on  highly  filled  nitramine  gun  propellant  grains  that  were  spray 
coated  with  an  inert  substance.  The  thickness  of  the  coating  was  measured  and  correlated  with  pres¬ 
sure-time  combustion  curves  obtained  from  closed  bomb  measurements. 


574 


EXPERIMENTAL 


Method  of  Coating  Gun  PropeOant  Grains 

Two  different  highly  filled  gun  propellants  were  coated  with  cellulose  acetate  butyrate  (CAB).  The 
first  gun  propellant  was  a  HELP~1  formulation  designated  M-43.  This  formulation  contained  the  fol¬ 
lowing  ingredients:  RDX,  CAB,  nitrocellulose  (NC),  ethyl  centralite  (EC),  and  a  mixture  of  bis  dini- 
tro  propyl  acetal/formal  (BDNPA/F).  The  second  gun  propellant  was  designated  EX-97  and  con¬ 
tained  RDX,  NC,  CAB,  EC,  trimethylolethane  trinitrate  (TMETN)  and  triethyleneglycol  dinitrate 
(TEGDN).  The  physical  dimensions  of  the  HELP-1  and  EX-97  propellant  grains  are  0.504  in.  diam¬ 
eter  and  0.738  in.  in  length;  0.270  in  diameter  and  0.30  in.  in  length  respectively.  Both  propellant 
grains  were  multiperforated. 

The  propellant  grains  were  coated  in  a  “sweetie”  barrel  with  a  solution  containing  cellulose  acetate 
butyrate,  ethyl  acetate  and  ethanol.  The  coating  procedure  used  an  adjustable  fan  patter  spray  head 
and  extension  nozzle.  The  system  uses  a  5  gallon  pressurized  tank.  The  spray  is  air  aspirated  with  a 
pressurized  fluid  feed  from  the  tank.  The  theoretical  coating  thickness  was  determined  by  weighing 
coated  grains  and  calculating  the  surface  area  of  the  grain  from  its  measured  dimensions.  Using  these 
measurements  one  can  calculate  the  coating  thickness,  the  actual  coating  thickness,  and  its  uniformi¬ 
ty  was  determined  from  photomicrographs  and  elemental  oxygen  and  nitrogen  x-ray  maps  of  cross 
sectioned  propellant  grains  obtained  using  a  differentially  pumped  scanning  electron  microscope 
equipped  with  light  element  (C,N,0)  energy  dispersive  x-ray  microanalysis  capabilities.  Since  a 
WET-SEM  was  used  no  additional  sample  preparation  was  necessary. 


RESULTS  AND  DISCUSSION 


Scanning  Electron  Microscopy 

The  photomicrographs  of  the  microstructure  of  the  two  different  formulations  of  gun  propellant 
grains  used  in  this  investigation,  EX-97  and  HELP-1,  were  very  similar  in  appearance.  This  is  due  to 
the  fact  that  the  solids  loading  is  essentially  the  same  for  both  formulations.  SEM  photomicrographs 
of  the  surface  of  an  uncoated  EX-97  grain  magnified  1(X)X  and  lOOOX  are  shown  in  Figures  1  and  2 
respectively.  SEM  photomicrographs  of  the  surface  of  EX-97  grain  that  had  been  coated  1%  by 
weight  with  CAB  are  shown  in  Figures  4  and  5.  When  comparing  the  SEM  photomicrographs  of  the 
uncoated  grains  (Figures  1  and  2)  with  those  of  the  1%  coated  grains  (Figures  4  and  5)  one  can  read¬ 
ily  see  the  differences  in  surface  microstructure  between  the  coated  and  uncoated  grains.  The  micro¬ 
porosity  seen  in  the  uncoated  grains  has  virtually  disappeared  in  the  coated  grains.  The  structural 
characteristics  of  the  RDX  solids  are  visible  in  the  uncoated  grain  (Figure  2)  but  are  not  discemable 
in  the  coated  grain  (Figure  4).  SEM  photomicrographs  of  fractured  cross  sections  of  the  uncoated 
and  1%  coated  EX-97  grains  are  shown  in  Figures  3  and  6  respectively.  When  comparing  the  pho¬ 
tomicrograph  of  the  cross  sections  of  the  uncoated  and  coated  grains  one  can  see  the  thin  coating  on 
the  1%  grain  at  this  magnification.  Measurements  made  at  higher  magnifications  of  the  thickness  of 
the  coatings  on  the  1%  coated  grains  showed  small  variations  at  different  points  on  the  grain.  These 
small  variations  give  an  indication  of  the  uniformities  of  the  coating. 

The  microstructure  of  the  surface  of  the  EX-97  grain  that  had  a  2.4%  by  weight  coating  is  shown  at 
lOOX  and  ICKXIX  in  Figures  7  and  8.  The  2.4%  coated  grains  had  a  much  more  uniform  coating  over 
the  entire  srain  surface  when  compared  with  the  srains  coated  at  the  1%  level.  The  surface 
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Figure  2.  SEM  photomicrograph  surface  of  uncoated  grain 
lOOOX 


Figure  3.  SEM  photomicrograph  cross  section  of  uncoated  grain 

lOOX 


Figure  4.  SEM  photomicrograph  surface  of  1%  CAB  coated  grain 

lOOX 
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Figure  6,  SEM  photomicrograi^  cross  section  of  1%  CAB  coated  grain 

lOOX 
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Figure  8,  SEM  photomicrograph  surface  of  2.4%  CAB  coated  grain 

lOOOX 
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microstructure  of  the  2.4%  coated  grains  were  more  glass-like  in  appearance  dian  the  1%  grains.  This 
can  be  seen  when  comparing  Figure  5  with  Figure  8.  The  SEM  photomicrograph  shown  in  Figure  9 
is  of  a  2.4%  coated  fractured  grain  cross  section.  In  this  photomicrograph  one  can  very  easily  see  the 
coating  and  measure  its  thickness.  A  number  of  thickness  measurements  made  on  several  cross  sec¬ 
tioned  grains  showed  that  the  2.4%  coatings  were  much  more  uniform  in  thickness  than  the  1%  coat¬ 
ed  samples. 

While  SEM  can  be  used  to  measure  coating  thickness  one  needs  to  be  certain  that  none  of  the  ener¬ 
getic  components  of  the  grain  formulation  has  diffused  to  the  surface  of  the  inert  CAB  coating. 
Components  of  the  HELP-1  formulation,  such  as  TMETN  and  TEGDN  migrate  as  the  grain  ages. 
This  migration  can  alter  the  intended  purpose  of  the  inert  coating.  In  order  to  ascertain  whether  any 
of  the  energetic  components  have  migrated  to  the  surface  one  needs  to  look  at  the  elemental  compo¬ 
sition  of  the  surface  of  the  coated  grains  with  x-ray  energy  dispersive  analysis  (EDX). 


Energy  Dispersive  X-ray  Microanalysis  (EDX) 

X-ray  microanalysis  can  measure  qualitatively  and  quantitatively  the  elements  from  atomic  number 
3  to  99.  In  this  study  of  coated  and  uncoated  gun  propellants  the  two  elements  of  interest  are  nitro¬ 
gen  and  oxygen.  Since  the  inert  coating  cellulose  acetate  butyrate  contains  carbon,  hydrogen  and 
oxygen  the  signal  of  interest  is  associated  with  oxygen.  Tlie  energetic  portion  of  the  grain  will  have 
signals  associated  with  carbon,  nitrogen  and  oxygen.  When  a  coated  grain  is  fractured  and  a  x-ray 
map  is  generated  of  the  cross  section,  one  can  determine  die  thickness  of  the  inert  coating  by  mea¬ 
suring  the  difference  between  the  synchronous  cursors  associated  with  the  oxygen  and  nitrogen  maps. 

A  reference  oxygen  and  nitrogen  map  of  a  cross  sectioned  uncoated  EX-97  grain  is  shown  in  Figure 
10.  As  one  would  expect,  there  is  no  difference  in  the  two  maps  since  oxygen  and  nitrogen  elements 
are  uniformity  distributed  throughout  the  microstructure.  Figure  1 1  shows  separate  oxygen  and  nitro¬ 
gen  maps  associated  with  a  cross  sectional  grain  that  had  a  1%  CAB  coating.  Since  the  CAB  coat¬ 
ing  contains  no  nitrogen  and  the  energetic  portion  of  the  rest  of  die  grain  does,  the  difference  between 
the  synchronized  cursors  provides  a  measure  of  the  coating  thickness.  The  measured  coating  thick¬ 
ness  for  a  specific  area  of  the  1%  coated  grain  was  found  to  be  18.90  pm.  This  value  varied  slightly 
from  grain  to  grain  and  from  area  to  area  within  the  same  grain.  TTie  range  observed  for  the  average 
coating  thickness  from  grain  to  grain  varied  between  16.20  and  19,00  pm.  The  theoretical  value 
assuming  uniform  coating  thickness  based  on  measured  average  weight  gains  of  a  number  of  1%  by 
weight  coated  grains  and  measured  grain  geometries  was  calculated  to  be  16.00  pm.  The  oxygen  and 
nitrogen  maps  associated  with  a  cross  sectional  2.4%  coated  grain  is  shown  in  Figure  12.  The  aver¬ 
age  measured  thickness  for  this  coating  was  32.50  pm.  The  calculated  theoretical  value  is  39.00  pm. 
The  coatings  on  these  grains  were  more  homogeneous  than  was  observed  on  the  1%  coated  grains. 
There  was  also  less  grain  to  grain  variation.  A  theoretically  calculated  plot  of  uniform  coating  thick¬ 
ness  vs.  weight  %  CAB  is  shown  in  Figure  13.  X-ray  analysis  of  the  coated  surfaces  of  a  number  of 
grains  did  not  show  evidence  of  a  nitrogen  signal.  Ilius  during  the  time  period  of  our  experiments 
no  nitrogen  containing  energetic  material  migrated  to  the  CAB  coated  surface.  Therefore,  closed 
bomb  experiments  were  expected  to  show  a  progressive  bum  as  a  function  of  coating  thickness. 
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Figure  9.  vSEM  photomicrograph  cross  section  of  2.4%  CAB  coated  grain 

2(X}X 


Figure  10.  X-ray  map  of  uncoated  grain  oxygen  and  nitrogen  map 


Figure  1  F  X-ray  map  of  1%  CAB  coated  grain  oxygen  and  nitrogen  map 


;ure  12.  X-ray  map  of  2.4%  CAB  coated  grain  oxygen  and  nitrogen  map 


Figure  13.  Theoretical  coating  thicknesses  for  2  sample  grain  geometries 
based  on  weight  percent  of  CAB 


Closed  Bomb  Ballistic  Results 


The  closed  bomb  was  used  to  measure  pressure-time  characteristics  of  the  uncoated  and  coated  pro¬ 
pellant  grains.  The  pressure  vs.  time  traces  are  shown  in  Figures  14  and  15.  Figure  14  shows  the 
pressure  vs.  time  trace  for  the  full  pressure  range  up  to  50,000  psi.  Figure  15  shows  the  major  time 
differences  as  a  function  of  coating  thickness  at  low  pressures.  As  can  be  seen,  and  as  expected,  the 
thicker  the  inert  coating,  the  slower  the  initial  pressure  rise  becomes.  Also,  one  can  see  that  as  you 
approach  pressures  of  2000  psi  the  relative  quickness  (RQ’s  (dp/dt))  becomes  almost  identical.  A 
similar  effect  should  occur  in  a  gun  barrel. 

The  pressure-time  traces  shown  in  Figures  14  and  15  are  obtained  in  a  182  cc  volume  closed  bomb 
instrument  using  41  grams  of  test  propellant.  The  curves  indicate  that  there  is  a  delayed  gas  genera¬ 
tion  event  from  the  initiation  of  the  igniter  to  the  3000  psi  pressure  measurement  point  in  the  closed 
bomb.  This  tells  us  that  the  coated  outside  surface  of  the  grain  is  probably  not  igniting  at  the  same 
time  as  the  uncoated  perforations  are  igniting.  Only  after  the  flame  has  thoroughly  ignited  the  perfo¬ 
rations  does  the  coating  begin  to  bum  off  and  the  outer  surface  of  the  grain  begin  to  bum.  These 
closed  bomb  pressure-time  traces  do  not  give  us  prediction  of  how  the  coated  propellant  will  behave 
in  a  gun  barrel,  but  only  that  the  bum  behavior  of  the  coated  propellant  is  probably  suited  to  opti¬ 
mizing  performance  of  gun  systems.  The  actual  time  it  would  take  in  a  gun  system  for  the  coating  to 
bum  off  is  undetermined  with  these  preliminary  tests;  however,  given  the  ability  to  apply  differing 
coating  thicknesses  and  the  possibility  of  using  other  coating  compounds,  the  necessary  ballistic 
match  could  be  readily  tailored. 


CONCLUSIONS 

A  techmque  for  imparting  an  inert  coating  to  highly  filled  nitramine  gun  propellants  has  been  devel¬ 
oped.  The  characterization  of  the  coated  propellant  samples  by  SEM  and  x-ray  microanalysis  showed 
that  one  can  attain  a  uniform  coating  that  will  impart  beneficial  pressure-time  characteristics  when 
measured  in  a  closed  bomb.  Similar  characteristics  should  be  observed  in  a  gun  barrel.  This  x-ray 
microanalysis  technique  can  also  be  used  to  measure  the  diffusion  of  an  energetic  component  into  the 
inert  coating.  This  type  of  measurement  is  beneficial  when  looking  for  changes  in  ballistic  behavior 
as  a  function  of  aging  of  the  propellant  grains. 
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IMPROVEMENT  OF  BALLISTIC  CHARACTERISTICS  OF  GUN  PROPELLANTS 
AND  CHARGES  USING  METALLIC  ADDITIVES 
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^Semenov  Institute  of  Chemical  Physics  RAS, 
Kosygin  St.  4,  Moscow  117977  Russia; 
^GNPP  "Pribor",  Moscow  113519  Russia. 


ABSTRACT:  The  purpose  of  this  paper  is  to  demonstrate  the  possibility  of  improving  the 
ballistic  properties  of  conventional  gun  propellants  by  adding  fine  grain  metallic  elements  into  the 
propellant  composition  or  by  including  them  as  a  separate  component  of  gun  charge.  The  primary 
focus  is  the  improvement  of  single-  and  double-base  gun  propellants  using  either  aluminum 
powder  or  foil.  The  possibility  of  obtaining  improvements  in  the  velocity  of  gun-launched 
projectiles  has  been  proven  theoretically  by  means  of  the  thermodynamic  calculations  and 
numerical  simulation  of  the  interior  ballistics  process,  and  experimentally  by  firings,  using  30- 
mm/75-caliber  gun.  The  addition  of  aluminum  particles  into  the  propellant  composition  as  well  as 
into  the  gun-chamber  was  tested.  The  latter  provides  a  rather  simple  method  to  improve  the 
thermal  characteristics  of  powder  gases  and  optimize  the  heat-release  process  thereby  improving 
the  flatness  of  the  gun  pressure-time  curve.This  paper  continues  and  summarizes  the  author's 
investigations  published  in  [1,2]. 


INTRODUCTION 

Increased  projectile  velocity  is  a  major  objective  of  gun  and  rocket  design.  In  order  to  achieve 
high  speeds  for  projectile,  a  chemical  propulsion  system  must  use  a  hot  light  gas  as  driving  agent 
because  the  attainable  maximum  of  projectile  velocity  is  proportional  to  the  speed  of  sound  in  the 
working  substance  used  [3-6].  Therefore  by  either  increasing  propellant  energy  or  decreasing  the 
average  molecular  weight  of  the  combustion  products  one  may  improve  interior  ballistic 
characteristics  for  both  conventional  gun-tube  and  for  rocket  launchers  [6-9]. 

Composite  propellants  containing  metallic  particles  as  energetic  additives  have  long  been  used  for 
solid-propellant  rocket  motors.  It  is  customary  to  assume  that  application  of  high-energy 
propellants  in  gun-tube  systems  is  extremely  limited,  as  it  is  accompanied  by  increasing  of  gun 
barrel  wear,  which  is  proportional  to  the  propellant  flame  temperature  [10,11].  The  hot 
combustion  gases  in  ordnance  are  known  to  wear  steel  from  the  gun  barrel,  and  eventually  render 
the  barrel  unserviceable. 
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The  experience  of  recent  years  indicates  that  gun  tube  erosivity  depends  on  the  composition  of 
combustion  products  and  on  the  bore  surface  state,  as  well  as  on  the  flame  temperature  (see,  for 
example  [11]).  Therefore  it  is  desirable  to  achieve  tiie  increase  in  projectile  muzzle  velocity  by 
means  of  optimization  of  the  combustion  products  composition,  and  keep  the  maximum  gas 
temperature  and  pressure  within  the  allowable  limits.  The  theoretical  and  experimental  results 
presented  in  this  paper  show  that  such  approach  can  be  realized  using  aluminum  additives  to 
conventional  gun  propellants. 

THERMODYNAMIC  AND  BALLISTIC  CALCULATIONS 

Thermodynamic  properties  of  propellants  include  the  flame  temperature  Tf  and  composition  Bj  of 
the  combustion  products,  their  specific  heats,  average  molecular  weight  M,  and  covolume  under 
certain  conditions  [4,6].  The  method  used  to  calculate  these  properties  for  propellants  containing 
metallic  additives  has  been  published  in  [1].  The  pressure  of  condensed  products,  causal  by  the 
Brownian  movement  of  particles,  is  neglected. 

The  calculations  were  carried  out  for  given  gas-pressures  assuming  the  equation  of  state 
corresponding  to  an  ideal  gas.  This  assumption  is  permissible,  as  comparisons  of  results, 
computed  with  the  ideal  gas  equation  of  state  and  equations  for  real  gases  indicate  that  only 
relatively  small  differences  arise  in  flame  temperature  and  in  average  molecular  weight  of  gas 
products  [8,12].  Nevertheless,  the  calculation  of  gas-pressures  for  various  loading  densities  D 
needs  the  state  equation  for  a  real  gas,  for  example,  a  virial  equation  [4,7,12],  taking  into  account 
covolume  and  other  characteristics  of  real  gas-state. 

The  trustworthiness  of  the  numerical  method  [1]  was  evaluated  by  comparison  of  the  combustion 
product  composition  as  calculated  for  conventional  gun  powders  and  rocket  solid  propellants 
with  appropriate  literature  data.  A  good  agreement  between  calculated  results  and  literature 
values  justifies  the  method  [1]  used  in  this  work. 

The  gross  coefficients  Bj  of  compositions  for  single-  and  double-base  gun-propellants  (pyroxylin 
and  ballistite),  with  various  contents  of  aluminum,  and  the  enthalpies  H  of  their  formation  under 
standard  condition  T=  298  K,  are  presented  in  T^le  1 . 


TABLE  1 

Summary  of  Compositions  and  ThermodTemica!  Properties  of  the  Propellants. 


Powder 

Pyroxilin 

BallisBte 

Addition^ 
Al,  % 

of 

0 

5 

10 

15 

0 

5 

10 

15 

A1 

0 

1.765 

3.369 

4.834 

0 

1.765 

3.369 

4.834 

0 

36.78 

35.03 

33.44 

31.98 

36.39 

34.66 

33.08 

31.64 

Bj, 

H 

25.02 

23.83 

22.74 

21.75 

27.86 

26.53 

25.33 

24.22 

mol/kg 

N 

9.709 

9.247 

8.827 

8.443 

10.46 

9.965 

9.512 

9.098 

C 

20.84 

19.85 

18.94 

18.12 

20.24 

19.28 

18.40 

17.60 

Enthalpy, 

-H,  MJ/kg 

2.364 

2.251 

2.149 

2,056 

2.096 

1.996 

1.905 

1.823 

*  It  is  the  weight-ratio  of  the  aluminum  to  the  ori^nal  propdlant. 
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These  thermochemical  properties  of  propellants  are  the  initial  data  for  further  thermodynamic  and 
ballistic  calculations.  The  results  of  thermodynamic  and  ballistic  characteristics  of  original  and 
metallized  powders  at  pressure  3000  atm  and  temperature  298  K  are  shown  in  Table  2. 

As  we  can  see  in  Table  2,  the  introduction  of  aluminum  leads  to  increasing  maximum 
temperature  Tf  and  powder  force  F=RTf/M,  where  R  is  the  universal  gas  constant.  As  a  result,  the 
corresponding  increase  in  muzzle  velocity  V  of  projectile  is  provided.  It  is  of  great  interest  as  an 
interior  ballistic  problem  to  estimate  the  variation  of  thermodynamic  characteristics  by  pressure 
changes  in  ranges  typical  for  gun-firings. 


TABLE  2 

Thermodynamic  and  Ballistic  Characteristics  of  Powders  with  Aluminum  Additives 


Powder 

Pyroxilin 

Bailistite 

Addition-  of 

Al,% 

0 

5 

10 

15 

0 

5 

10 

15 

Tf,K  2878 

3152 

3403 

3634 

2947 

3212 

3454 

3676 

M,  g/mol : 

all  products 

26.27  27.60 

28.92 

30.25 

25.48 

26.77 

28.06 

29.35 

gas-phase 

26.27  25.11 

23.95 

22.80 

25.48 

24.36 

23.24 

22.12 

Relative  weight 

ofAlaOj 

0 

0.090 

0.172 

0.246 

0 

0.090 

0,172 

0.246 

of  gas-products 

1 

0.956 

0.912 

0.868 

1 

0.956 

0.912 

0.868 

Relative  volume  WcondAVprod 

(AI2O3) 

0 

0.008 

0.015 

0.021 

0 

0.008 

0,015 

0.021 

(Do-D)/Do,  % 

0 

3.29 

5.39 

6.89 

0 

2.85 

4.75 

5.70 

^^charg/^^chamb  0 

.209 

0.195 

0.186 

0.178 

0.198 

0.186 

0.18 

0.171 

Density,  g/cm^ 

1.60 

1.65 

1.70 

1.74 

1.60 

1.65 

1,70 

1.74 

Heat  of  explosion, 

cal/g 

956 

1086 

1205 

1313 

1006 

1134 

1250 

1357 

Force  F,  J/g 

911 

1044 

1181 

1325 

962 

1096 

1236 

1382 

F/F„ 

1 

1.146 

1.30 

1.46 

1 

1.14 

1.29 

1.44 

VA^o 

1 

1.047 

1.09 

1.124 

1 

1.044 

1.08 

1.12 

Addition  to 

covolum,  cm^/kg  0 

0.028 

0.059 

0.093 

0 

0.028 

0.059 

0.093 

Towards  this  aim,  the  calculations  of  maximum  temperatures  Tf  and  powder  forces  F  were 
carried  out  for  pressure  values  up  to  5000  atm.  The  results  of  calculations  presented  in  Table  3 
show  that  pressure  influence  is  relatively  small.  So,  the  relative  increase  in  temperature  Tf  by 
pressure  variation  from  40  to  5000  atm  consists  1 .7-^2.0%,  and  the  maximum  increase  in  powder 
force  consists  1.0%. 

This  increase  in  temperature,  Tf,  takes  place  due  to  the  suppression  of  dissociation  reactions,  that 
simultaneously  leads  to  some  increase  in  average  molecular  weight  M  of  gas  mixture.  The 
competing  influence  of  these  two  factors  leads  to  appearance  of  a  maximum  on  the  curve  F(P) 
located  in  the  pressure  range  between  1000-2000  atm. 
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TABLE  3 

Combustion  Products  Temperature  Tf  and  Force  F  vs  Pressure. 


Powder 

Pyroxilin 

Ballistite 

Pressure,  atm 

40 

100 

1000 

5000 

40 

100 

1000 

5000 

H 

2833 

2850 

2872 

2880 

2890 

2912 

2940 

2950 

F,J/g 

903 

907 

911 

910 

952 

957 

962 

961 

The  effect  of  dissociation  suppression  influences  the  temperature,  Tf,  and  powder  force  mainly  at 
pressures  up  to  1 000  atm.  This  effect  can  be  neglected  in  the  field  of  relatively  high  pressures 
1000-5000  atm.  So,  the  estimations  obtained  for  P=3000  atm  are  true  over  a  wide  range  of 
pressures.  The  wedc  dependence  of  powder  force  on  pressure  points  indirectly  to  the  possibility 
of  using  the  equation  of  state  for  an  ideal  gas  instead  of  one  for  real  gas. 

DISCUSSION  OF  THE  CALCULATIONS  RESULTS 

The  thermodynamic  calculations  testify  that  addition  of  aluminum  to  conventional  gun-powders 
may  be  one  of  the  potential  methods  for  increasing  their  energy  density.  As  we  mentioned,  the 
utilization  of  high-energy  propellants  (HEP)  is  usually  accompanied  by  increasing  in  temperature 
Tf  and,  as  result,  in  erosivity  of  powder  gases.  For  example,  HEP  containing  explosives  usually 
have  the  high  temperature,  Tf,  together  with  high  molecular  weight,  M,  of  combustion  products 
due  to  an  increase  in  CO2  content  in  products.  This  circumstance  is  illustrated  by  thermochemical 
data  for  non-metallized  powders,  presented  in  Table  4. 

It  is  desirable  to  make  up  the  increase  in  powder  force,  F,  and  consequently  in  muzzle  velocity  of 
projectile,  V  ~  F,  by  decreasing  the  molecular  weight  M,  but  keeping  the  temperature,  Tf,  within 
the  allowable  limits.  This  purpose  is  served  for  conventional  propellants  by  means  of  duminum 
addition,  as  the  data  presented  in  Tables  2  and  4  show. 

The  energy  increase  for  conventional  propellants  by  introduction  of  aluminum  leads 
simultaneously  to  a  highly  desirable  lower  molecular  weight,  M,  of  the  working  gas.  This  is  due 
to  the  reduction  of  CO2  to  CO  by  the  oxidation  of  aluminum  present  as  condensed  phase  AI2O3. 
On  the  basis  of  calculations,  a  significant  effect  on  the  projectile  velocity,  V,  on  die  one  hand,  and 
on  the  life  of  gun  barrel  on  the  otha*  hand,  could  be  optimized  by  the  content  of  aluminum  in  the 
powder  [charge]. 

For  traditional  gun-propellant  rounds,  not  more  than  5-8  wt.%  content  of  aluminum  is 
acceptable.  In  such  a  case,  one  would  expect  a  flame  temperature  increase  up  to  3100-3300  K,  a 
powder  force  increase  up  to  15-20%,  and  a  muzzle  velocity  increase  up  to  4-8%.  These 
improvements  are  highly  substantial  in  comparison  with  improvements  made  by  other  known 
methods,  for  example,  the  using  of  powder  with  fast-burning  explosives. 
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TABLE  4 

Thennochemical  Characteristics  and  Compositions  of  Combustion  Products  of  Metallized 

and  Conventional  Gun  Propellants* 


T, 

n 

M, 

Composition  of  Products,  mol/kg 

Powder 

K 

g/mol 

CO 

CO2 

H2O 

H2 

N2 

AI2O3 

Ml 

2480 

928 

22.8 

2.40 

6.10 

9.10 

4.50 

P 

2878 

911 

14.3 

6.56 

9.37 

2.82 

4.70 

- 

B 

2947  : 

962 

14.3 

5.92 

10.2 

3.34 

5.05 

- 

M30 

3021 

1078 

1091 

11.8 

3.00 

10.5 

5.50 

11.9 

- 

P+5%AI 

3152 

1044 

25.1 

15.3 

IQUI 

7.99 

3.50 

4.43 

0.09 

B+5%A1 

3212 

1096 

24.4 

8.64 

QQI 

4.75 

0.09 

M5 

3264 

1079 

25.1 

IQQI 

9.30 

IQQI 

4.90 

- 

P+10%AI 

3403 

1181 

16.0 

6.47 

4.17 

0.17 

B+10%AI 

3454 

1236 

15.8 

6.94 

4.47 

0.17 

P+15%AI 

1325 

22.8 

16.4 

4.81 

3.92 

0.25 

B+15%A1 

3676 

1382 

22.1 

16.0 

1.56 

5.14 

6.12 

4.20 

0.25 

M8 

3716 

1178 

26.2 

13.0 

6.40 

10.2 

2.40 

5.40 

- 

*  Note:  P  is  pyroxilin;  B  is  ballistite;  Ml  -  M30  are  the  conventional  US  gun-propellants  [8,1 1]. 


FIRING  TESTS  OF  GUN-CHARGES  CONTAINING  ALUMINUM  ADDITIVES 

In  order  to  experimentally  verify  the  proposed  method  for  increasing  in  muzzle  velocities  of 
projectiles,  some  firings  were  done  with  charges  containing  aluminum  additives  taken  in  excess 
of  1 00%  of  powder  mass.  An  investigation  of  conventional  charges  containing  aluminum  powder 
ASD-1,  or  granulated  aluminum  AG-90  (on  the  base  of  90%  ASD-1  with  10%  of  pyroxylin),  was 
performed. 

Also  examined  were  gun  charges  containing  aluminum  foil  particles  of  different  thickness.  The 
aim  of  these  tests  was  to  identify  both  the  optimum  form  for  aluminum  foil  elements,  and  their 
distribution  over  the  gun  chamber  volume.  The  trials  were  carried  out  using  conventional  30  mm 
ballistic  gun-tube.  The  measurements  of  projectile  muzzle  velocities  were  provided  by  solenoids. 
The  maximum  gas-pressure  was  measured  by  crusher  gang  and  simultaneous  measurement  of  the 
pressure  curve  P(t)  was  provided  by  means  of  the  piezometric  pickup  T-6000  . 

The  results  of  ballistic  trials  show  that  small  additions  of  aluminum  powder  ASD-1  (or  the 
composition  of  granulated  aluminum  AG-90)  in  amount  of  2-6%,  leads  to  an  increase  in  the 
maximum  pressure  of  powder  gases.  The  more  eduminum  contained  in  the  charge,  the  higher  is 
the  pressure  increase.  The  addition  of  4.4%  aluminum  powder  ASD-1  leads  to  an  increase  in  the 
muzzle  velocity  up  to  6.3%,  and  a  maximum  pressure  increase  of  up  to  20%.  The  addition  of 
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4.6%  of  granulated  aluminum  AG-90  of  different  fractions  into  the  same  charge  leads  to  increase 
in  the  muzzle  velocity  of  up  to  2. 5-6.0%,  and  a  maximum  pressure  increase  of  up  to  10-16%. 

These  experimental  data  confirm  the  theoretical  forecast,  and  have  been  the  basis  for  further 
optimization  of  the  charge  design  to  reduce  temperature,  Tf,  keeping  the  increase  in  muzzle 
velocity,  V  The  main  goal  for  subsequent  experiments  was  the  search  for  the  optimum  form  of 
aluminum  elements  to  improve  thermodynamic  charactoistics  of  combustion  products,  and  to 
optimize  the  dynamics  of  energy  release  during  combustion  of  the  metal-containing  charges. 

Results  of  these  investigations  for  charges  containing  particles  of  aluminum  foil  indicate  the 
peculiar  dependence  of  the  ballistic  characteristics  on  foil  thickness.  So,  the  utilization  of  foils 
having  the  certain  thickness  ensures  the  smaller  rate  for  the  maximum  pressure  increase  in 
comparison  with  the  rate  of  the  muzzle  velocity  increase.  This  unusual  experimental  observation 
can  be  explained  by  the  influence  of  the  time-delay  of  aluminum  particles  ignition,  which 
depends  on  foil  thickness. 

A  special  investigation  of  the  interior  ballistic  process  was  carried  out  to  confirm  this  hypothesis 
and  to  compare  the  burning  processes  for  conventional  and  metallized  charges.  These 
experiments  were  provided  by  S5mchronous  measurement  of  pressure  curves  P(t)  at  five  different 
cross  sections  along  the  barrel.  The  maximum  pressure  for  the  charge  containing  the  aluminum 
foil  elements  (3%  of  charge  mass)  was  slightly  lower  (0.9%),  than  that  for  a  convention^  charge. 
At  the  same  time,  the  addition  aluminum  foil  increased  the  muzzle  velocity  by  up  to  2.3%. 

This  effect  is  accompanied  by  an  increase  in  the  flatness  of  the  pressure  curves,  i.e.,  the  ratio  of 
the  mean  pressure  to  the  peak  pressure.  In  the  case  of  ch^ges  with  aluminum  foil,  the  pressure 
measured  in  the  barrel,  at  the  point  7.5  clb.  from  the  chamber,  is  higher  than  the  corresponding 
value  for  conventional  charge  by  up  to  8.3%  .  As  the  projectile  moves  along  the  bore,  the  pointed 
difference  of  pressures  are  decreased:  at  a  distance  of  26  clb.  it  is  3.3%,  and  near  the  muzzle  end 
(75  clb)  it  is  only  2.0%. 

The  ballistic  efficiency  of  the  aluminum  addition  can  be  also  estimated  by  comparison  of  the 
pressure  impulses  for  conventional  and  metallized  charges.  These  values  were  derived  according 
to  experimental  curves,  P(t),  for  different  cross-sections  of  bore.  For  the  point  at  a  distance  of  7,5 
clb.  from  the  chamber's  bottom,  the  pressure  impulse  for  the  metallized  charge  exceeds  die 
corresponding  value  for  the  regular  charge  by  14.4%.  For  the  next  section,  corresponding  to  a 
distance  of  26  clb.,  this  value  is  lowered  by  up  to  9.8%. 

The  high  energy  release  by  aluminum  burning  is  favorable  for  total  combustion  of  powder  charge 
in  the  bore  during  the  pressure  decrease  period  of  the  shot  cycle.  The  numerical  estimation  of 
consumed  powd^  corroborates  this  effect.  The  long  ignition-delay  of  aluminum  foil  changes  die 
gas-temperature  distribution  along  the  bore.  According  to  theoretical  estimations  taking  into 
account  the  foil  ignition-delay,  the  temperature-time  curve  has  the  second  maximum  as  a  result  of 
aluminum  burning.  The  optimization  of  aluminum  content  is  directed  to  increase  this  second 
maximum  of  temperature  but  not  exceed  the  level  of  first  maximum  gas  temperature.  In  the  case 
of  the  metallized  charge,  the  descending  part  of  the  curve  T(t),  next  to  the  second  maximum,  falls 
above  the  same  one  for  the  original  charge  without  aluminum. 
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CONCLUSION 


The  results  of  experimental  and  theoretical  investigations  presented  in  this  paper  demonstrate  the 
possibility  of  improving  the  ballistic  characteristics  of  conventional  gun-propellants  by  addition  of 
small  amounts  of  either  aluminum  powder  or  foil  particles  of  certain  thickness. 

The  interior  ballistic  process  for  gun-tube  systems  using  the  multi-phase  combustion  products  of 
metallized  charges  as  their  working  substance  can  be  governed  effectively  by  means  of  the 
amount  &  size/form  of  additives. 
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ABSTRACT:  This  paper  reports  bum  rate  results  of  AP/RDX-based  compositions  with  Epoxy  / 
Epoxy-GAP  binder.  Bimodal  AP  composition  with  40%  Epoxy  binder  gave  bum  rates  of  2.1 -2.4 
mm/s  in  the  pressure  range  of  1-8.8  MPa  and  appeared  to  be  suitable  for  the  primary  combustor  in 
ramjet  applications.  Incorporation  of  10-30%  GAP  at  the  cost  of  epoxy  bind^  resulted  in  a  30- 
250%  increase  in  bum  rates,  and  replacement  of  coarse  AP  by  fine  AP  (4  and  lOu)  led  to  a  1.5-5  -fold 
increase  in  bum  rates.  Addition  of  2  parts  of  copper  chromite  /  ferric  oxide  as  a  catalyst  resulted  in  a 
moderate  increase  in  bum  rates,  while  incorporation  of  butyl  ferrocene  led  to  a  1.3-3  -fold  increase  in 
bum  rates.  Ballistically  modified  AP/Epoxy/GAP  compositions  with  bum  rates  ranging  from  5-15 
mm/s  at  1  MPa  to  15-30  mm/s  at  8.8  MPa  and  moderate  flame  temperatures  have  potential  for  gas 
generator  application.  The  effect  of  replacement  of  AP  by  RDX  on  bum  rates  was  also  studied  during 
this  work. 


INTRODUCTION 

Research  in  the  field  of  gas  generators  has  gained  tremendous  momentum  during  recent  years  in  view 
of  their  wide  application  as  a  source  of  power  for  a  relatively  short  duration.  Simplicity  and  lighter 
weight  are  other  special  features  of  gas  generators  as  compared  to  convention^  short  duration  power 
equipment.  Gas  generators  are  used  extensively  as  base  bleed  units,  to  augment  the  range  of  gun- 
propelled  projectiles  by  about  20-30%,  and  as  a  source  of  hot  gas  for  driving  the  turbines  of 
turbopumps  in  a  liquid  rocket  and  actuating  catapults[l-2].  AP(ammonium  perchlorate)-based 
compositions  find  wide  applications  as  base  bleed  propellants,  as  they  meet  the  basic  requirement  of 
combustion  efficiency  at  subatmospheric  pressures.  The  flame  temperature  (Tf)  of  practically  useful 
base  bleed  units  ranges  fi’om  1600K  to  3300K  with  bum  rates  of  1-5  mm/s  at  atmospheric 
pressure[3-5].  Gas  generators  for  air  bag  applications,  turbine  propulsion,  and  as  aircraft  starters 
demand  clean  burning  with  noncorrosive  exhaust  products  without  solid  reridues.  The  ballistic 
requirements  of  gas  generators  are  low  Tf  (1000-2500  K),  but  efficient  combustion  in  the  presaire 
range  of  2-6.9  MPa  [6-8].  Ammonium  nitrate(AN)-  based  systems  meet  these  requirements. 
However,  AN  undergoes  crystal  phase  transition  at  32°C,  leading  to  volume  changes  which  are 
undesirable  as  grains  undergo  thermal  cycling  during  exposure  in  the  field.  A  number  of  additives 
are  added  to  AN  to  make  it  phase  stabilized.  However,  only  a  few  compounds  have  been  found 
efifective[6].  Triamino  guanidine  nitrate  (TAGN)  has  been  found  to  be  an  attractive  oxidizer  for  gas 
generators[7].  AN/TAGN-based  gas  generators  having  Tf  of  1270-2400  K  and  bum  rates  of  1-10 
mm/s  at  6.9  MPa  are  reported  in  literature.  Nitramines  are  considered  potential  oxidizers  for  gas 
generators,  as  they  can  offer  clean  burning  with  chlorine  fi-ee  exhaust.  However,  to  the  best  of  our 
information,  no  systematic  study  has  been  carried  out  on  nitramine-based  systems,  probably  due  to 
the  inherent  problems  of  combustion  inefficiency  at  low  pressures.  Various  binders  used  for  gas 
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generators  so  far  include  cellulose  acetate,  polyesters,  polyethers,  polybutadienes  (HTPB/CTPB). 
Tetrazoles  are  expected  to  be  highly  useful  as  they  decompose  to  give  mainly  N2.  Azido-polymers  like 
glycidyl  azide  prepolymer  (GAP)  have  acquired  great  importance  as  energetic  binders/plasticizers  for 
gas  generators  [6-8],  Epoxy  binders,  which  may  be  of  interest  for  gas  generators  in  view  of  their 
superior  tensile  properties  to  polybutadiene-based  polymers,  have  not  been  explored. 

In  view  of  the  foregoing  and  because  the  search  is  on  for  combustion-efficient  gas  generators  for 
various  applications,  the  present  work  was  undertaken  to  study  and  develop  gas  generators  with  AP 
and  RDX  as  the  oxidizer.  The  effect  of  selected  catalysts,  namely,  ferric  oxide,  copper  chromite  and 
n-butyl  ferrocene  on  the  bum  rates  of  AP  /  RDX  compositions  has  also  been  studied.  Low- 
molecular-weight  GAP  was  used  as  a  plasticizer  to  achieve  high  combustion  efficiency.  As  low 
molecular  weight  GAP  poses  the  problem  of  gasification  as  a  plasticizer  for  HTPB  due  to  its 
interaction  with  isocyanates  curatives[9], epoxy  binder  which  has  found  application  for  composite 
formulations[10,l  1]  was  selected. 


EXPERIMENTAL 

Novolac  epoxy  resin-Dobekot  E4  (epoxide  equivalent  330  ±  35,  viscosity  17120  ±  50  cps,  density 
1.06  g/cc)  cured  with  polyamide  hardener-EH  411  (viscosity  17750±50  cps,  density-  0.97  -  0.99 
g/cc)  supplied  by  M/s  Dr  Beck  and  Co  (India)  was  used  as  binder.  The  energetic  plasticizer  GAP 
(molecular  weight  about  500,  duly  characterized)  was  synthesized  as  per  the  method  described  in 
reference[12].  AP  of  particle  size  150-200  u  grounded  to  average  particle  size  10  and  4  u  using  Jet- 
0-Mizer  and  RDX  of  particle  size  25  u  obtained  by  eduction  method  were  used  as  oxidizer.  Ferric 
oxide  of  0.6  u  size;  copper  chromite  of  particle  size  3-4  u  and  butyl  ferrocene  of  99%  purity  were 
used.  Propellant  compositions  were  prepared  by  slurry  -  cast  technique[13].  The  procedure  involved 
the  deaeration  of  a  mixture  of  Dobekot  E4  and  GAP  under  agitation  in  a  vertical  mixer  of  5  lit. 
capacity.  Oxidizer  (AP/RDX)  was  added  to  the  deaerated  mix.  The  mbdng  continued  for  one  hour  at 
room  temperature.  Subsequently,  hardner  EH  411  (E4  ;  EH411  ratio  60:40)  added  and  additional 
mixing  was  carried  out  for  20-30  min.  The  slurry  thus  obtained  was  cast  in  the  mould  under  vacuum 
(vacuum  bell).  The  propellant  was  cured  at  40°C  for  5  d.  The  curing  process  involved  reaction 
between  -NH2  group  of  the  polyamide  and  epoxy  group  of  the  resin. 

Bum  rates  were  determined  in  the  pressure  range  of  1-8.8  MPa  by  employing  Acoustic  Emission 
(AE)  technique.  The  method  involved  combustion  of  propellant  strand  in  the  nitrogen  pressurized 
steel  bomb  using  water  as  the  media.  Acoustic  signals  generated  by  the  deflagrating  sample  were 
unidirectionally  transmitted  through  the  water  and  sensed  by  the  transducer  with  resonance  frequency 
of  200  kHz.The  bum  rates  were  computed  fi'om  x-y  chart  record  of  acoustic  signals. 

The  calorimetric  values  (cal-val)  were  obtained  by  using  Julius  Peters  bomb  calorimeter.  Mechanical 
properties  were  determined  on  Universal  Material  Testing  machine  (INSTRON  MODEL  1185). 

In  order  to  understand  combustion  behavior,  extinguished  propellant  samples  were  subjected  to 
Scanning  Electron  Microscopic  (SEM)  studies  using  equipment  of  JEOL  make  (Model-  JSM-J  200). 
Propellant  samples  were  ignited  by  means  of  ignition  wire  and  quenched  using  liquid  Nitrogen.  The 
samples  were  coated  with  a  thin  layer  of  gold  under  vacuum  and  subjected  to  25  kv  acceleration 
voltage.  Photographs  were  taken  at  the  magnification  level  of  x 750. 

RESULTS  AND  DISCUSSION 

AP-  based  gas  generator  compositions 

In  view  of  the  superior  mechanical  properties  and  better  density  of  epoxy  resins  as  compared  to 
HTPB,  studies  were  conducted  with  epoxy  as  main  fuel  cum  binder.  Since  it  was  not  possible  to 
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TABLE  1 

Comparative  Data  on  Different  Binder  Systems 


596 


incorporate  more  than  60%  of  oxidizer  (particularly  in  fine  size)  in  the  epoxy  matrix,  experiments 
were  restricted  to  60%  solid  loading. 

Bum  rates  obtained  for  the  compositions  containing  60%  AP  and  40%  binder  system  are  given 
in  Figures  1-3.  A  composition  containing  bimodal  (coarse  and  fine  )  AP  (200u-70%  ;  lOu-30%) 
with  40%  epoxy  binder  was  taken  as  the  control,  which  gave  bum  rates  of  2.1-2.4mm/s  in  the 
pressure  range  of  1-8.8  MPa.  On  incorporation  of  10,  20  and  30%  GAP  at  the  cost  of  epoxy  binder, 
an  increase  in  the  bum  rates  of  the  order  of  30-250%  was  obtained.  With  lOu  AP,  bum  rates 
obtained  were  1.5-2  times  higher  in  comparison  to  corresponding  bimodal  AP-  based 
compositions.  On  incorporation  of  AP  of  4u  size  in  place  of  AP  of  10  u  size,  the  increase  in  bum 
rates  was  1.5-3. 5  times  for  epoxy  binder-based  compositions  and  1.5-4. 7  times  for  10-30%  GAP 
based  compositions.  Pressure  exponent  n'  values  as  calculated  fi-om  plot  of  log  of  bum  rate  vs  log  of 
pressure  (Figuresl-3)  for  bimodal  AP  compositions  were  0.06-0.3  and  for  fine  AP  (lOu  and  4u) 
compositions  in  the  range  of  0.23  -  0.45. 

The  results  on  the  effect  of  selected  ballistic  modifiers,  namely,  copper  chromite  ,  ferric  oxide  and 
butyl  ferrocene,  are  given  in  Figures  4-6.  While  incorporation  of  2  parts  copper  chromite  and  ferric 
oxide  led  to  a  marginal  increase  in  bum  rates  (4-40%),  butyl  ferrocene  addition  resulted  in  a  1.3  -  3 
-fold  enhancement  in  bum  rates  in  the  entire  pressure  range  studied.  The  values  of  'n'  for 
ballistically-modified  compositions  ranged  between  0.3  and  0.67  (Figures  4-6). 

RDX  /  AP-RDX-  based  Gas  Generators 

RDX-  based  propellant  compositions  with  40%  epoxy  binder  exhibited  bum  rates  of  1.9-3. 7  mm/s  in 
the  pressure  range  of  3. 5 -8. 8  MPa.  The  increase  in  bum  rates  on  incorporation  of  10%  GAP  at  the 
cost  of  epoxy  resin  was  about  3-30%  and  on  increase  in  GAP  to  20%  level,  21-90%  bum-  rate 
enhancement  was  obtained.  The  pressure  index  value  for  RDX-  based  compositions  containing 
40%  epoxy  binder,  as  well  as  10%  GAP  :  30%  epoxy  combination,  was  0.6-0. 7,  while  for  20% 
GAP  :  20%  epoxy  combination  the  n'  value  was  0.6  in  3. 5-4. 9  MPa  pressure  region  and  1-1.5  in  the 
pressure  range  of  4. 9-8. 8  MPa  (Figure  7). 

In  order  to  achieve  superior  bum  rates,  part  of  RDX  was  replaced  by  AP.  A  1:1  combination 
of  AP  and  RDX  (30%  AP  /  30%  RDX)  gave  combustion  rates  intermediate  to  those  for  RDX  and 
AP  individually.  Thus,  with  20%  epoxy  binder  and  20%  GAP  combination  bum  rates  of  5-8  mm/s 
were  obtained  in  the  pressure  range  of  4.9-8. 8  MPa.  The  corresponding  bum  rates  with  10% 
epoxy  binder  and  30%  GAP  compositions  were  6.4  -  14  mm/s.  Ballistic  modification  of  1:1  AP- 
RDX  composition  containing  10%  epoxy  and  30%  GAP  binder  with  copper  chromite,  ferric  oxide, 
and  butyl  ferrocene  resulted  in  a  marginal  increase  in  bum  rates  (Figure  8). 

Combustion  mechanism 

Bum  rates  of  solid  propellants  depend  on  a  number  of  factors,  of  which  dependence  on  pressure  is 
critical  from  a  propulsion  point  of  view.  The  burning  process  of  a  given  propellant  is  defined  in 
terms  of  combustion  wave  stmcture,  which  is  a  function  of  the  propellant  composition  and 
operating  conditions.  At  the  propellant  burning  surface,  referred  to  as  condensed  phase,  an 
endothermic  /  exothermic  decomposition  reaction  produces  reactive  gases.  The  interactions  between 
the  emitted  gases  in  gas  phase  above  the  burning  surface  generate  heat  to  form  a  luminous  flame 
zone, where  exothermic  reactions  are  completed  and  final  combustion  products  are  formed.  The  heat 
feedback  from  high  temperature  gas  phase  to  unbumt  propellant  surface  raises  its  temperature  to 
decomposition  temperature  resulting  in  gasification  and  subsequent  exothermic  chemical  reactions. 
This  successive  heat  feedback  process  results  in  steady-state  combustion[14]. 
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Figure  3.  Burning  Rates  of  AP  (4u)  Based  Gas  Generating  Compositions 
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Figure  4.  Bum  Rates  of  AP  (C:F-70:30)  GAP  Gas  Generating  Compositions  with  Selected 

Ballistic  Modifiers 
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Figure  5.  Bum  Rates  of  AP  (10  u)  GAP  Gas  Generating  Compositions  with  Selected  Ballistic 

Modifiers 
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Figure  6.  Bum  Rates  of  AP  (4  u)  GAP  Gas  Generating  Compositions  with  Selected  Ballistic 

Modifiers 
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BDP  model  postulates  the  formation  of  multiple  flames.  AP  bums  as  a  monopropellant  and  another 
flame  (primary  flame)  results  from  the  immediate  vicinity  of  the  oxidizing  species  from  AP  flame  to 
the  fuel  binder.  The  ultimate  flame  emanates  from  the  combustion  of  fuel  vapors  with  the  oxidizer 
vapors  unused  in  the  earlier  regions.  Despite  a  evidence  that  the  fuel  binder  and  the  oxidizer  have 
different  surface  temperatures,  the  same  average  value  of  the  surface  temperature  is  assumed  for  both 
species.  The  model  offers  a  means  of  computing  bum  rates,  flame  stand  off  distance,  and  flame 
heights.  During  the  present  work,  bum  rate  predictions  using  BDP  model[15]  were  made  in  the 
pressure  range  of  1-8.8  MPa.  In  the  case  of  bimodal  AP-containing  compositions,  predicted  values 
were  on  the  lower  side  in  the  pressure  range  of  3.5-  8.8  MPa,  as  compared  to  experimentally- 
determined  values.  However,  a  close  agreement  was  obtained  between  predicted  and  determined 
values  in  the  pressure  range  of  3. 5-6. 9  MPa  for  compositions  containing  4  u  AP.  This  may  be  due  to 
the  fact  that  when  bimodal  AP  particles  were  used  there  was  a  variation  of  size  over  a  wide  range.  In 
case  of  4u  AP  the  particles  spectrum  band  was  narrow[15].  While  there  was  a  marginal  increase  in 
surface  temperature  on  decrease  in  particle  size  of  AP,  a  considerable  increase  in  height  of  AP 
monopropellant  flame  was  observed.  Regarding  flame  heights  for  oxidizer  fuel  primary  flame,  a 
marginal  increase  was  observed  on  decrease  in  particle  size.  As  per  the  model,  monopropellant  AP 
flame  and  primary  flame  compete  for  reactive  oxidizer  species.  The  final  flame  heights  for 
compositions  containing  fine  AP  were  found  to  be  less  than  those  for  coarse  AP[Table  2]. 

The  higher  bum  rates  for  composite  formulations  with  fine  AP  than  with  coarse  AP  may  be  explained 
on  the  basis  of  Sammons[16]  model.  As  per  this  model,  AP  and  binder  decompose  in  the  solid  phase 
and  the  products  obt^ed  interact  in  the  interstices  between  the  AP  particles  and  fuel,  which 
increases  burning  surface  temperature  and  the  total  heat  release,  as  the  AP  particle  size  decreases. 

It  has  been  reported  by  various  researchers  that  copper  chromite  catalyzes  exothermic  condensed 
phase  reactions.  However,  iron  catalysts  have  little  effect  on  tl^  condensed  phase  reaction  ^d 
catalyze  the  primary  flame  reaction  rather  than  AP  decomposition[17].  It  is  believed  that  iron 
catalysts  serve  as  a  source  of  generation  of  ferric  oxide  particles.  Consequently,  feme  oxide  particles 
eject  into  the  burning  flame  and  provide  the  effective  site  for  the  primary  flame  reaction  by 
heterogeneous  mechanism.  The  catalyst  effectiveness  depends  on  the  way  they  are  distributed,  as 
well  as  on  the  Fe  concentration.  Flanagan[18]  suggested  that  high  efficiency  of  butyl  ferrocene  is 
due  to  the  fact  that  the  oxidation  of  butyl  ferrocene  results  in  the  formation  of  extremely  fine 
(<1000  A)  size  ferric  oxide.  Addition  of  RDX  resulted  in  low  bum  rates  of  compositions 
evaluated  during  this  work,  which  may  be  attributed  to  the  lower  flame  temperature  of  RDX- 
binder  premixed  flame  than  that  of  AP-binder  diffusion  flame[19].  The  overdl  effect  is  reduced 
feedback  to  the  propellant  surface.  GAP  is  known  to  undergo  exothermic  decomposition  on  /  near 
the  surface  leading  to  an  increase  in  propellant  surface  temperature  and  consequently,high  bum  rates 
[20]. 

In  order  to  gain  insight  on  the  combustion  mechanism,  the  surface  stmeture  of  the  c^inguished 
propellant  in  comparison  to  that  of  the  unbumed  sample  was  studied  by  applying  SEM.  In  the  case  of 
Bimodal  AP/Epoxy  system,  large  particles  of  AP  protruding  from  the  surface  were  observed  as 
reported  for  AP/HTPB  systems.  This  suggests  that  fuel  evaporates  more  readily  than  the  oxidizer. 
Incorporation  of  GAP  results  in  a  marked  change  in  the  surface  structure.  Thus,  in  place  of  protmding 
AP  particles,  cavities  were  observed  on  the  surface,  suggesting  an  increase  in  overall  decomposition 
rate  of  propellant  particularly  that  of  AP.  In  the  case  of  compositions  with  4u  AP,  incorporation  of 
GAP  again  appears  to  have  a  marked  effect  on  increase  in  decomposition  of  AP  /  overall  propellant  as 
revealed  by  large  and  deep  cavities  on  the  extinguished  propellant  samples(Figure  9). 
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TABLE-2 

Burn  Rates,  Surface  Temperature  and  Flame  Heights  of 
AP  Based  Gas  Generating  Compositions  Computed  from  BDP  Model 


CONCLUSIONS 


♦  Replacement  of  10-30  wt  %  Epoxy  binder  by  GAP  results  in  1.5-2  -fold  increase  in  bum  rate 
for  AP-Epoxy  compositions  incorporating  bimodal  or  10  u  AP. 

♦  Composition  containing  4  u  AP  gave  1.5-5  -fold  increase  inbura  rate  on  incorporation  of  10- 
30  %  GAP  at  the  cost  of  Epoxybinder. 

♦  Ferric  oxide,  copper  chromite  and  butyl  ferrocene  were  found  to  be  effective  ballistic 
modifiers  for  AP-Epoxy-GAP  compositions.  Butyl  ferrocene  gave  the  best  results  as  revealed 
by  1.3-3-fold  increase  in  bum  rate  of  AP-  based  system  on  its  incorporation. 

♦  RDX/AP-RDX-  based  systems  gave  relatively  lower  bum  rate  than  AP-  based  compositions. 

♦  Bum  rate  results  obtained  can  be  explained  on  the  basis  of  BDP  model. 
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ABSTRACT:  Some  experiments  carried  out  on  the  research  of  deterrent  coating  of  smokeless 
powders  are  described  in  this  paper. 

An  emulsion,  procedure  was  used  for  deterrent  coating  (phlegmatization).  Samples  of  both  powder 
grains  and  the  bath  were  withdrawn  during  the  experiments  and  concentrations  of  the  deterrent  were 
determined-  A  simple  balance  model  was  made  up  on  the  basis  of  which  the  rate  of  penetration  of 
deterrent  into  powder  grain  was  estimated.  The  nitrocellulose  of  the  powder  grains  proved  to  bind 
readily  the  deterrent  that  disappears  out  of  the  bath  within  a  short  time.  The  oversaturated  layer 
(approximately  42%)  then,  wiA  decreasing  rate,  spreads  out  into  the  grain  and  its  propagation  stops 
at  concentration  of  about  27%. 

At  the  industrial  scale,  the  deterrent  coating  process  is  performed  portionwise  and  this  effect  is  even 
more  distinctive.  The  deterrent  disappears  out  of  the  bath  within  2  to  5  minutes  after  dosing. 

The  assumption  was  introduced  into  the  model  of  the  mass  balance  that  the  deterrent  concentration 
profile  in  die  powder  grain  is  steep.  The  literature  data  show  that  the  deterrent  coating  mechanism 
is  similar  to  that  of  dyeing  of  textile  fibers  with  reactive  dyestuff  that  is  chemically  bonded  to  the 
polymer  matrix.  Hydrogen  bonds  between  the  deterrent  carbonyl  group  and  unesterified  -OH  groups 
of  nitrocellulose  play  this  role  in  case  of  phlegmatization. 


Introduction 

Deterrents  are  materials  that,  diffused  into  the  powder  grains,  decrease  the  propellant  burning  rate 
during  the  early  stages  of  a  ballistic  cycle  when  the  powder  charge  surface  is  at  maximum.  After  a 
projectile  starts  moving  down  the  barrel,  the  undeterred,  energetically  richer  grain  cores  bum  at  higher 
rate.  In  other  words,  deterrent  coating  serves  to  control  and  thus  to  improve  the  charge  progressivity. 
Since  small  variations  in  depth  of  the  deterred  layer  and  the  deterrent  concentration  in  this  layer  have 
proven  to  be  of  significant  influence  to  the  ballistic  properties  of  the  powder,  several  experiments 
have  been  performed  to  study  the  kinetics  of  the  phlegmatization  process.  The  most  known  deterrent 
substances,  e.g.,  Centralite  I  and  II,  Acardite  I,  Di-n-butylphthalate  (DBF),  Camphor, 
Diphenylurethane  and  some  Acrylates  have  been  used  in  the  experiments.  The  rate  of  deterrent 
penetration  into  the  grains,  changes  in  deterrent  layer  concentrations  and  the  deterrent  bath  exhaustion 
have  been  studied  and  a  simple  mathematical  model  for  typical  deterrent  coating  process  earned  out 
with  Cl  has  been  utilized  to  describe  the  given  effects. 
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Theory 

In  principle  the  process  of  deterrent  coating  of  powder  grains  is  similar  to  that  of  dyeing  textile 
fibers.  In  both  cases  this  is  a  question  of  diffusion  of  a  substance  emulgated  and  dissolved  in  the  bath 
into  the  polymer  surface.  Crank’  made  his  contribution  to  the  study  of  diffusion  problems.  It  is  a 
complicated  task  to  give  a  detailed  description  of  the  effects  accompanying  dyeing  process.  Even  the 
simplest  arrangement,  i.e.,  an  isolated  fiber  in  an  infinite,  perfectly  stirred  bath  represents  a 
mathematical  system  with  at  least  9  variables.  In  practice  the  dyeing  models  are  simplified  to  three 
simultaneous  actions: 

a)  transport  of  the  dyestuff  to  the  fiber  surface 

b)  adsorption  of  the  dyestuff  on  the  fiber  surface 

c)  diffusion  of  the  dyestuff  from  the  surface  into  the  fiber. 

From  the  kinetic  aspect  the  slowest  action,  i.e.,  the  diffusion  of  the  dyestuff  into  fiber  or,  in  case  of 
phlegmatization,  the  deterrent  into  powder  grains,  determines  deterrent  front  propagation.  In  case  of 
the  one-dimensional  diffusion  in  the  chemically  homogeneous  polymer,  the  Pick  law  II  is  valid: 

(1) 

dt  dx^ 

where:  c  -  concentration,  jc  -  depth  of  deterred  layer,  t  -  time,  and  D  -  diffusion  coefficient. 
Furthermore,  deterrent  coating  is  a  process  when  the  deterrent  molecules  diffuse  into  the  powder  grain 
being  hydrogen  bonded  to  the  unesterified  -OH  groups  of  nitrocellulose  (Figure  1). 

In  this  case  the  diffusion  coefficient  is  not  a  constant  and  these  cases 
are  included  among  non-Fickian  diffusions.  A  series  of  the  possible 
dependencies  D  =  f(c)  has  been  suggested,  e.g.: 

D  =  ;  D  -  Dq  C^  ;  D  *  d  ^  k  c) 

however,  the  equation  (1)  is  difficult  to  solve  and  the  analytical 
function  c  =  f(x)  has  not  been  found  at  all. 

Nakamoto^  et  al.  engaged  in  investigation  of  the  bond  character  and 
measured  the  0~H  -0  bond  stretching  frequencies  of  a  series  of 
compounds.  It  was  found  that  there  is  a  wide  range  existing  where 
the  length  of  the  hydrogen  bond  is  linearly  dependent  on  the 
stretching  frequency  shift  but  beyond  the  value  of  about  2.80  A  the 
sensitivity  of  the  stretching  frequencies  shift  decreases  exponentially  'with  the  bond  lengfri. 
Brodman^  et  al.  used  infrared  spectrometry  to  study  the  hydrogen  bond  between  the  carbonyl  group 
of  DBF,  Camphor,  Cl  and  CII  and  the  unesterified  -OH  groups  of  nitrocellulose.  On  the  basis  of  the 
graphical  dependence  of  the  length  of  the  bond  vs  f(wave  number)  published  by  Nakamoto,  the 
authors  determined  the  length  and  the  strength  of  the  hydrogen  bond  from  the  stretching  frequencies 
shift. 

It  follows  from  their  measurements  that  the  bond  strength  is  graded  in  the  order:  C  I  >  C  II  > 
Camphor  >  DBF.  The  above  mentioned  hydrogen  bond  length/wave  number  dependence  of  the 
compounds  determined  by  Nakamoto  and  complemented  'with  measurements  performed  by  Brodman 
is  given  in  Figure  2. 
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Figure  1.  Hydrogen  bond  between 
nitrocellulose  and  Cl 


Methods  for  measuring  of  the  deterrent  penetration  depth 

Several  authors  have  engaged  in  measuring  the  deterrent  penetration  depth.  The  simplest  way  seems 
to  be  measuring  of  the  layer  transparency  of  the  powder  grain  sections  obtained  by  microtome  cuts'’. 
The  so  called  autoradiography^  is  another  more  complicated  way  to  determine  the  deteixent 
penetration  depth.  DBF  containing  radioactive  carbon  ’JC  was  used  by  Brodman  to  phlegmatize  the 
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powder.  The  coated  grains  were  microtomed  into 
sections  of  30  pm  thickness  and  the  concentration 
profile  of  the  marked  DBF  in  the  section  was 
contact  -  measured  on  film.  The  blackening  of  the 
film  was  observed  by  means  of  densitometer. 

However,  it  was  found  that  almost  96%  of  the 
light-sensitive  Ag  particles  in  the  film  emulsion 
were  struck  within  5  pm  of  the  p  particles  source. 

Thus,  the  resolution  of  this  method  ±10  pm  is 
determined  and  the  p  scattering  is  the  greatest 
source  of  the  measuring  inaccuracy.  A  conclusion 
was  formulated  by  Brodman  that  the  optically 
determined  depth  of  the  deterred  layer  corresponds 
with  the  real  depth  of  the  deterrent  penetration. 

The  autoradiographic  method  was  also  used  to 
study  the  deterrent  penetration  depth  of 
nitrocellulose  tubular  powder  by  Meier^  et  al.  They  Figure  2.  Length  of  hydrogen  bond  vs.  stretching 

deterred  powder  of  the  A  5020  type  at  various  frequencies, 

temperatures,  time  intervals  taken  by  the  coating 

process  and  concentrations  of  the  radioactive  DBF,  Camphor,  Cl,  ^JC  DBF  and  their 
mixtures.  The  deterred  layer  thicknesses  were  measured  in  the  same  way  as  Brodman  did  using  the 
film  applied  to  the  powder  grain  cuts.  Their  work  also  indicates  an  increasing  deterrent  migration 
tendency  in  series  Cl  <  DBF  <  Camphor. 

The  problem  of  measuring  of  the  deterrent  concentration  profiles  in  a  powder  grain  is  shown  in 
Figure  3.  For  the  purposes  of  comparison  the  typical  dyestuff  concentration  profile  is  given  there,  as 
well  as  a  case  of  dyestuff  diffusion  when  no  interaction  with  the  polymer  fiber  occurs. 

Several  other  ways  to  measure  the  deterrent  concentration  profiles  can  be  found  in  literature,  but  the 
optical  method  being  the  simplest  one  has  been  chosen  for  our  experiments.  Thin  sections  of  50  pm 
thickness  were  made  of  powder  grains  and  the  depth  of  the  deterred  layer  was  measured  using  the 
MITUTOYO  profile-projector. 


Experimental 

To  perform  phlegmatization  experiments  the  spherical 
powder  TR  42  with  the  following  properties  was  used: 


Table  1  Properties  of  the  TR  42  powder 


Centralite  1 

0.6 

% 

Dinitrotoluene 

4.0 

% 

Nitrocellulose  (13.0  %  N) 

82.5 

% 

Nitroglycerine 

13.0 

% 

Water 

0.6 

% 

Density 

1.52 

g*cm'^ 

Bulk  density 

97.05 

g-(100  ml)  ’ 

Heat  of  explosion 

3902. 

kJ-kg’ 

Average  grain  diameter 

1.325 

mm 

Depth 


Figure  3.  Concentration  profiles  in  a 
polymer  matrix 


The  deterrent  coating  experiments  were,  in  the  laboratory  scale,  performed  in  3L  heated  glass  vessel 
equipped  with  stirrer,  thermometer,  feeding  funnel  and  an  opening  for  sampling  the  contents.  2.3L 
hot  water,  75  g  spherical  powder  TR  42  and  1  g  emulsifier  were  put  into  the  vessel  and  the 
suspension  heated  to  85±1  °C  under  stirring  for  30  minutes.  Then  the  suspension  of  deterrent 
prepared  from  3  g  emulsifier,  5  g  Cl  and  200  ml  cold  water  was  added  into  the  stirred  powder 
suspension.  Then,  5  minutes  after  the  addition  of  the  deterrent,  5  ml  sample  of  phlegmatizing  bath 
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and  0.824  g  sample  of  powder  were  withdrawn.  The  sampling  of  the  phlegmatizing  bath  and  powder 
was  then  repeated  in  the  intervals  as  given  in  Table  2. 

The  last  samples  were  withdrawn  3  hours  after  the  phlegmatization  process  had  started.  The  samples 
of  the  powder  were  dried  at  65  °C  for  three  hours  in  a  hot-air  dryer. 

Four  grains  of  approximately  same  dimensions  were  always  used  from  each  powder  sample  and  from 
these  grains  the  sections  of  50  pm  thickness  were  prepared. 

The  depth  of  the  deterrent  layer  was  measured  four  times  for  each  grain  in  two  directions 
perpendicular  to  one  another  using  MITUTOYO  profile  projector.  The  hundred  -  fold  magnification 
was  used  for  measuring  the  grain  sections. 

Chromatographic  method  was  used  to  determine  the  Cl  concentration  in  both  powder  grains  and 
phlegmatization  bath.  The  samples  of  the  bath  were  diluted  and  the  precipitated  Cl  dissolved  in 
methanol. 

The  measured  depths  of  deterrent  penetration  into  grains,  the  increase  in  the  deterrent  concentration 
in  the  powder  and  its  exhaustion  from  the  bath  are  given  in  Table  2,  Figure  4  and  Figure  5. 


Table  2  The  measured  dependencies  in  the  deterrent  coating  of  TR  42  powder 


Sample 

Time 

[min] 

Sample 

ma^ 

Ig] 

Concentration 
of  Cl  in  powder 
[%] 

Concentration 
Cl  in  bath 
[g-L’i 

Average  depth 
of  deterred  layer 
[^] 

1 

0 

0.000 

0.60 

2.00 

0.0 

2 

5 

0.824 

1.18 

1.87 

5.1 

3 

10 

1.527 

2.06 

1.37 

10.8 

4 

15 

1.326 

2.89 

1.15 

14.4 

5 

20 

1.580 

3.87 

0.97 

17.9 

6 

25 

2.073 

4.58 

0.84 

20.6 

7 

30 

1.855 

4.90 

0.63 

26.2 

8 

40 

1.970 

5.82 

0.38 

31.7 

9 

50 

1.863 

6.19 

0.33 

34.6 

10 

60 

1.553 

6.30 

0.28 

39.3 

11 

90 

2.330 

6.54 

0.25 

44.6 

12 

120 

3.603 

6.60 

0.22 

44.8 

13 

150 

3.550 

6.61 

0.20 

51.8 

14 

180 

- 

6.99 

0.19 

56.1 

Figure  4.  Deterrent  penetration  depths  into  TR  42 
powder  grainAime  dependen'ce 


Figure  5.  Deterrent  concentration  in  the  TR  42  jxtwder  and 
bath/time  dependence 


To  study  the  kinetics  of  phlegmatization  process  carried  out  portionwise,  the  usual  laboratory  scale 
deterrent  coating  was  performed  as  well. 
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L8L  hot  water,  500  g  spherical  powder  and  Ig  emulsifier  were  put  into  the  heated  and  stirred 
laboratory  vessel  of  3L  volume.  The  mixture  in  the  vessel  was  heated  to  90  °C  and  kept  at  this 
temperature  during  the  whole  experiment. 

The  deterrent  coating  was  performed  by  successively  adding  six  portions  of  suspension  consisting  of 
0.5  g  emulsifier  and  5  g  Centralite  I  in  33  ml  cold  water.  After  adding  each  portion  of  above 
mentioned  suspension,  samples  of  both  powder  and  bath  were  taken  from  the  vessel. 

The  time  course  of  the  sampling,  the  measured  deterrent  concentrations  in  the  samples  of  the  bath 
and  the  average  deterrent  penetration  depths  into  grain  are  given  in  Figure  6  and  Figure  7. 


Figure  6.  Deterrent  concentration  in  the  bath/time  Figure  7.  Cl  penetration  depth  into  grain/time  dependence 

dependence  in  the  portionwise  carried  out  deterrent  coating  in  the  portionwise  carried  out  deterrent  coating 


To  determine  the  depth  of  the  deterrent  penetration  the  average  of  16  measurings  performed  using 
the  MITUTOYO  profile  projector  at  50x  magnification  was  used. 

It  follows  from  the  two  foregoing  experiments  that  the  bath  concentration  of  Cl  decreases  quickly  to 
the  value  of  about  0.3  g-L'^  (0.03%)  remaining  at  this  value  until  the  experiment  has  finished.  As 
given  later,  the  deterrent  concentration  in  the  deterred  layer  after  the  bath  has  been  exhausted  amounts 
42%.  From  this  the  deterrent  equilibrium  can  be  calculated  as  follows: 


'layer 


42 

0.03 


1400 


To  achieve  more  accuracy  in  determining  the  equilibrium,  the  deterrent  coatings  of  a  small 

quantity  (1.5  g)  of  powder  in  a  bath  (2.5L  volume)  of  low  deterrent  concentrations  (the  “infinite 
bath“)  has  been  performed  consecutively  as  given  in  Table  3: 


Table  3  The  Cl  concentration  changes  in  both,  the  bath  and  the 
powder  of  the  PD  24  -  25  type. 


Sample 

N“ 

Weight 
of  Cl 

[g] 

initial  Ci  cone, 
in  the  bath 

[g-Ll 

Final  Cl  cone, 
in  the  bath 

[g-L-’i 

Ci  in  the 
powder 

[%] 

1 

0.546 

0.22 

0.19 

1.70 

2 

0.618 

0.25 

0.21 

1.90 

3 

0.844 

0.31 

0.23 

- 

4 

1.500 

0.68 

0.51 

21.25 

5 

2.442 

0.94 

0.62 

33.75 

6 

3.125 

1.33 

0.84 

31.75 

7 

4.998 

2.05 

1.57 

31.40 
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However,  the  depths  of  the  layers  have  not  been  determined  in  those  experiments.  No  deterred  layer 
has  originated  in  the  bath  of  Cl  concentration  up  to  »0.3  g-L"’  and  above  this  concentration  a  crust 
of  Cl  has  stuck  on  the  powder  grains  thus  resembling  “snowballs"  when  examined  under  a 
microscope. 


Mass  balance  in  deterrent  coating  process 

The  experiment  concerning  the  deterrent  coating  of  the  TR  42  powder  was  designed  to  simplify  the 
deterrent  coating  conditions  as  much  as  possible.  In  order  to  maintain  the  bath  concentration  at  a 
constant  level  as  long  as  possible  a  large  bath  volume  to  a  small  quantity  of  the  powder  ratio  was 
chosen.  Thus  a  constant  “deterring  force"  on  the  powder  grain  surface  should  have  been  ensured.  The 
aim  of  this  arrangement  of  the  experiment  was  to  exclude  all  disturbing  effects  in  the  normal 
performance  of  deterrent  coating  process,  i.e,,  precipitating  and  adhering  of  the  deterrent  on  the 
powder  grain  surface,  changing  deterrent  concentration  in  the  bath,  etc. 

The  time  dependent  changes  of  Cl  concentration  in  both  the  powder  and  the  bath,  and  the  Cl 
penetration  depth  into  a  powder  grain  reflect  the  fact  that  the  coating  mechanism  is  really  non-Fickian 
as  stated  by  Brodman  and  other  authors. 

In  the  above  example  the  deterrent  concentration  in  the  powder  increases  from  the  initial  value  0.6% 
up  to  6%  linearly  (see  Table  2  and  Figure  5).  Simultaneously  the  bath  is  exhausted  to  the 
concentration  of  about  0.3  g-L*'  within  approximately  35  minutes.  The  dependence  of  deterrent 
penetration  depth  into  the  powder  grains  upon  time  up  to  this  point  can  also  be  considered  as  linear. 
Then,  the  deterrent  concentration  in  the  deterred  layer  should  also  remain  constant  until  the  moment 
of  exhaustion  of  the  bath. 


The  course  of  deterrent  coating  of  powder  grain  can  be  simply  described  as  follows: 

1 )  the  deterrent  forms  a  layer  of  high  concentration  on  the  grain  surface  that  advances  at  a 
constant  rate  into  the  powder  grain  until  the  bath  has  been  exhausted; 

2)  after  the  deterrent  content  in  the  bath  has  been  exhausted  the  deterrent  affected  layer  advances 
at  decreasing  rate  into  the  grain  and  its  concentration  decreases  probably  until  all  deterrent 
molecules  have  been  hydrogen  bonded  on  the  unesterified  -OH  groups  of  nitrocellulose. 

As  given  above  (see  Table  3),  no  “infinite  bath"  can  be  made  and  therefore,  taking  into  account 
average  grain  diameter,  time,  velocity  of  deterrent  front,  volume  of  deterred  layer,  volume  of 
deterrent  bath,  etc.,  we  have  suggested  the  following  phlegmatization  model: 

1)  Before  exhaustion  of  the  bath 


The  dependence  of  deterrent  penetration  depth  into  a  powder  grain  vs.  time  may  be  expressed  as: 

X  *  [mm] 


The  equation  valid  for  the  decrease  of  the  deterrent  concentration  in  a  bath  is: 


The  deterrent  concentration  in  the  deterred  layer  may  be  calculated  from  the  overall  concentration  of 
Cl  adsorbed  in  propellant  grain  powered  by  the  volume  of  the  propellant  grain  of  average  diameter 
and  divided  by  the  volume  of  the  deterred  layer  (see  Table  1  and  Table  2). 


^kcytr 


0.166 


[%] 
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The  suggested  model,  taking  into  account  the  decrease  in  the  powder  mass  in  the  phlegmatization  bath 
due  to  sampling,  was  investigated  using  the  constants  for  velocity  of  deterrent  front: 

=  0.829  [nm-min‘] 

The  above  given  equations  hold  good  until  the  moment  when  the  bath  has  been  exhausted,  i.e.,  at  the 
time  =  35  minutes. 

2)  After  exhaustion  of  the  bath 

For  the  time  period  from  the  moment  of  exhaustion  of  the  bath  t^^haust  to  the  end  of  deterrent  coating 
process  =  180  min,,  making  use  of  the  equation  valid  for  the  deterrent  front  velocity  it  can  be 
written  that: 

V...  =  9.478  [urn -min'] 


The  courses  of  the  calculated  dependencies  are  given  in  Figure  8  -  Figure  12. 
The  designation  used  in  the  equations: 

a  -  depth  of  deterrent  layer 

Vjjf  -  velocity  of  deterrent  front  in  powder  grain 
Vq  -  volume  of  deterrent  bath 

t  -  time 

Ciaycr  ■  concentration  of  Cl  in  deterred  layer 
Cbaih  ■  concentration  of  Cl  in  bath 

Co  -  initial  concentration  of  Cl  in  bath 

-  mass  of  Cl  adsorbed  to  powder  grains 


Conclusion 

To  understand  the  kinetics  of  the  deterrent  coating  of  powder  grains,  not  only  the  deterrent 
penetration  depth  into  a  powder  grain  but  also  the  increase  in  deterrent  concentration  in  the  powder 
together  with  its  decrease  in  the  bath  have  been  studied. 

The  measured  dependence  y.-f(t)  (Figure  4)  was  fitted  with  simple  regression  curves  and  these  were 
used  in  the  program  mathematically  modelling  diffusion  of  Cl  into  the  TR  42  powder  grains.  The 
decrease  in  the  deterrent  concentration  in  the  bath  and  the  increase  in  its  concentration  in  the  powder 
was  then  simply  calculated  from  the  mass  balance  of  the  deterrent  coating  course.  Since  during  the 
experiment  the  powder  mass  decreased  from  75  g  to  50  g  (by  about  1/3)  and  the  bath  volume  by  65 
ml  due  to  sampling  during  the  experiment  it  was  necessary  to  incorporate  these  facts  into  the 
program. 

During  the  experiments  it  was  found  that: 


[pm] 

[pm-min'‘] 
[L],  [dm^] 
[min] 

(%],  [g-dm-^] 
[%],  [g-dm'^] 
[%],  [g-dm-^j 
[g] 


1)  The  concentration  of  the  deterrent  in  the  deterred  layer  before  exhaustion  of  the  bath  is  so  high 
(estimated  approximately  42%,  see  Figure  10  and  Figure  12)  that  no  other  explanation  is 
possible  except  that  its  concentration  is  constant. 

2)  It  is  probable  that  the  deterrent  advances  into  a  grain  at  a  constant  velocity  until  its 
concentration  in  the  bath  decreases  to  the  critical  value  of  approximately  0.03%. 

3)  After  the  bath  has  been  exhausted  the  velocity  of  the  deterrent  front  propagation  decreases  and 
its  concentration  in  the  deterred  layer  drops  to  the  value  of  about  27%  (Figure  10  and  Figure 
12).  This  is  probably  the  value  when  all  deterrent  molecules  are  hydrogen  bonded  on  the 
unesterified  -OH  groups  of  nitrocellulose.  From  this  concentration  the  moving  of  the  deterrent 
molecules  in  the  nitrocellulose  matrix  of  the  grain  is  very  limited. 
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Velocity^of  Cl  penetrolion  (um  ^  Cl  concenlratioo  in  the  powder  fe] 


4)  In  addition,  by  the  precise  measuring  of  the  powder  grain  dimensions  it  was  found  that, 
relating  to  the  amount  of  the  deterrent  added,  the  grain  volume  increases  by  approximately 
10%,  i.e.,  that  the  deterred  layer  undergoes  the  process  of  swelling.  This  phenomenon  brings 
considerable  complications  with  respect  to  any  advanced  mathematic  modelling  of  deterrent 
coating  process. 


Calculated  dependencies  of  mass  balance  in  deterrent  coating  of  propellant  TR  24 


Figure  8.  Cl  concentration  in  powder/time-dependence  Figure  9.  Cl  concentration  in  the  bath/time-dependence 
(theor.)  (theor.) 


Time  [min] 


Figure  10.  Velocity  of  Cl  diffusion  into  powder 
grain/time-dependence  (theor.) 


Figure  11,  Cl  adsorb^  in  the  powder/time-dependence 
(theor.) 
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the  thickness  of  the  layer  for  the  individual 
sampling  times  (theor.) 


References 

1.  (Book)  Crank,  J.,  Park,  G.S.,  1968.  Diffusion  in  Polymers^  Academic  Press,  London  and  New 
York. 

2.  (Article  in  Journal)  Nakamoto,  K.,  Marghoses,  J.  and  Rundle,  R.E.,  1955.  “Stretching 
Frequencies  as  a  Function  of  Distance  in  Hydrogen  Bonds, “  J.  Amer.  Chem.  Soc.,  Vol.  77,  pp.  6480- 
6486. 

3.  (Article  in  Journal)  Brodman,  B.W.,  Devine,  M.P.  and  Gurbarg,  M.T.,  1974.  “Hydrogen 
Bonding  of  Deterrents  to  Unesterified  Hydroxyl  Groups  in  Nitrocellulose, “  J.  Appl.  Polym.  ScL,  Vol. 
18,  pp.  943-946. 

4.  (Article  in  Journal)  Fong,  C.W.  and  Cooke,  C.,  1982.  “Diffusion  of  Deterrents  into  a 
Nitrocellulose-Based  Small  Arms  Propellant.  The  Effect  of  Deterrent  Structure  and  Solvent,“  J.  Appl. 
Polym.  Sci.,  Vol.  27,  pp.  2827-2832. 

5.  (Article  in  Journal)  Brodman,  B.W.  and  Devine,  M.P.,  1974.  “Autoradiographic  Determination 
of  the  Di-n-butyl  Phthalate  Concentration  Profile  in  a  Nitrocellulose  Matrix, “  J.  Appl.  Polym.  Set, 
Vol.  18,  pp.  3739-3744. 

6.  (Technical  Report)  Meier,  H.,  Bosche,  D.,  Zeitler,  G.,  Zimmerhackl,  E.,  Hecker,  W.,  1979, 
“Investigation  of  Surface  Treatment  of  Propellant  Grains  Using  Labeled  Substances“,  Report 
BMVg~FBWT-79-14,  Bundesministerium  de  Verteidigxmg,  Bonn,  Germany. 


615 


ADN:  A  new  high  performance 
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Abstract 


Ammonium  dinitramide,  or  ADN  (NH4N(N02)2),  is  a  new  and  promising 
oxidizer  with  high  impulse  and  high  burning  rate.  It  is  a  potential  replacement  for 
ammonium  perchlorate  (NH4CIO4  or  AP).  Since  ADN  does  not  contain  chlorine,  a 
composite  rocket  propellant  containing  ADN  and  a  polymer  binder  will  produce 
minimal  smoke,  and  will  be  more  environmentally  friendly  compared  to  propellants 
based  on  AP.  There  are,  however,  some  drawbacks:  ADN  is  relatively  shock 
sensitive,  it  is  also  sensitive  to  light  and  moisture.  Moreover,  ADN  has  until  now 
been  very  expensive  to  produce.  This  paper  presents  a  study  of  the  sensitivity, 
thermal  stability,  and  some  spectroscopic  properties  of  ADN.  The  paper  also 
presents  a  comparison  of  the  impulse  of  composite  propellants  based  on  ADN  and 
oxidizers  such  as  AN,  AP,  CL-20  and  HNF,  with  HTPB  as  a  binder.  The  ADN  used 
in  this  work  was  synthesized  at  the  National  Defence  Research  Establishment 
(FOA),  by  a  new  and  much  less  expensive  method.  The  friction  sensitivity  of  ADN 
is  much  lower  than  that  of  RDX,  The  impact  sensitivity  of  ADN  is  of  the  same 
magnitude  as  that  of  RDX  but  varies  a  great  deal  with  the  shape  of  the  particles,  e.g. 
prilled  ADN  is  nearly  twice  as  insensitive  as  RDX.  The  reaction  of  ADN  is  also  less 
violent.  The  ignition  temperature  was  determined  to  be  160°C  (by  Wood’s  metal 
bath).  The  thermal  stability,  measured  with  microcalorimetry,  shows  that  ADN  is 
stable  to  at  least  80°C  and  that  impurities  cause  decreased  thermal  stability.  The 
activation  energy  (Ea=158  kJ/mole)  and  frequency  factor  (Ko=  6.0T0^^  s'^)  was 
determined  from  DSC  data  using  the  ASTM  method  E  698-79.  It  was  also  found 
that  ADN  in  aqueous  solution  is  sensitive  to  light. 
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INTRODUCTION 


In  the  search  for  replacement  oxidizer  for  AP  a  number  of  new  and  interesting 
substances  have  been  suggested:  HNF[1],  CL-20  [2,3],  and  ADN  [4-6].  ADN  is  a  new,  and 
very  promising,  oxidizer  with  high  performance  which  yet  has  some  drawbacks,  e.g.  a  fairly 
high  sensitivity,  a  high  price,  and  sensitivity  to  moisture  and  light. 

Only  a  couple  of  papers  on  the  thermal  stability  and  sensitivity  of  ADN  have  yet  been 
openly  published  [5-7].  It  has  been  shown  earlier  that  the  thermal  sensitivity  can  not  be 
satisfactorily  determined  with  only  a  few  tests:  in  order  to  get  the  full  picture  a  fairly  large 
number  of  tests  has  to  be  performed.  In  a  study  on  the  thermal  sensitivity  and  decomposition 
of  new  high  explosives  a  more  complete  set  of  tests  has  been  used  [8,9].  In  this  paper  data 
from  the  following  tests  and  studies  are  presented:  Drop  weight  test,  friction  test,  ignition 
temperature  test,  DSC,  microcalorimetry,  FTIR  and  FT-Raman  spectroscopy. 

In  Figure  1  the  theoretical  specific  impulse  for  some  theoretical  propellants  with  different 
types  of  oxidizers  are  compared  with  each  other.  In  all  cases,  the  binder  is  based  on  HTPB 
and  IPDI.  Possible  incompatibility  between  the  oxidizers  and  the  binder  is  not  considered. 
The  theoretical  specific  impulse  (Ns/kg)  was  calculated  by  using  the  Gordon-McBride  code 
[10].  It  calculates  the  chemical  equilibrium  compositions  by  minimizing  Gibb’s  free  energy. 
It  is  assumed  that  all  gases  are  ideal  and  that  interactions  among  phases  can  be  neglected.  In 
all  cases  the  pressure  in  the  combustion  chamber  was  10  MPa  and  the  gases  were  expanded  in 
the  nozzle,  assuming  shifting  equilibrium  composition,  to  a  surrounding  pressure  of  0. 1  MPa. 
The  thermo-chemical  data  used  is  shown  in  Table  1  and  is  taken  from  Ref.  [1]  unless 
otherwise  stated. 


Table  1,  Properties  of  oxidizers  and  binders. 


Component 

Sum  formula 

Density 

(g/cm^) 

Heat  of  formation 

(kJ/mole) 

AP 

CIH4NO4 

1.95 

-296.00 

ADN 

H4N4O4 

1.82-1.84 

-150.60 

CL-20 

C6H6N12O12 

2.04* 

+415.47 

HNF 

CH5N5O6 

1.87-1.93 

-72.00 

AN 

H4N2O3 

1.72 

-365.04 

HTPB+IPDI 

C7.1 1H10.62N0.06O0.19* 

0.924* 

+0.88* 

*  FOA  data. 
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Since  the  oxidizers  differ  in  density  it  is  more  correct  to  compare  the  impulse  at  an  equal 
volume  fraction.  A  volume  fraction  of  0.7  for  AP  corresponds  to  a  weight  fraction  of  83%.  It 
seems  thus  reasonable  to  compare  the  oxidizers  at  this  volume  fraction.  This  comparison  is 
shown  in  Table  2. 

Table  2.  Oxidizer  influence  on  propellant  performance 


Oxidizer 

Impulse  at  vol.  fraction  0.7 
(Ns/lcg) 

AP 

2429 

ADN 

2470 

CL-20 

2371 

HNF 

2516 

AN 

2072 

HNF  has  the  highest  impulse,  approximately  2  %  higher  than  ADN.  To  obtain  a 
volumetric  filling  fraction  of  0.7  it  is  necessary,  however,  that  the  oxidizer  crystals  have  a 
spherical  shape.  At  FOA  we  have  been  able  to  produce  spherical  ADN  particles  (see  below). 
HNF  forms  needle  shaped  crystals  with  a  length  over  diameter  ratio  (l/d)  of  2  to  5  [1].  In 
practice  it  is  not  yet  proven  that  HNF-based  propellants  will  have  higher  specific  impulse 
than  ADN-based  propellants. 


Figure  1.  Propellant  performance 
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SYNTHESIS 


The  ADN  used  for  this  work  was  synthesized  at  FOA  (National  Defence  Research 
Establishment)  by  a  new  and  simple  method.  The  particle  shape  from  the  synthesis  could  best 
be  described  as  fluffy  flakes  and  needles  (see  Figure  2  a).  The  density  of  ADN  was  measured 
with  a  helium  pycnometer  and  found  to  be  1.82-1.84  g/cm^.  In  order  to  get  better  particle 
shapes  for  propellant  use,  a  melt  method  for  prilling  ADN  was  tested.  This  method  produced 
nice  round  particles  with  a  diameter  of  about  VGOjim  (see  Figure  2  b). 


Figure  2.  ADN  panicle  shapes:  a)r e-cry stallized,  b)prilled. 
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Sensitivity  tests 


The  drop-weight  sensitivity  as  well  as  the  friction  sensitivity  of  ADN  were  measured.  The 
impact  sensitivity  was  measured  with  a  2  kg  drop  weight  BAM  apparatus.  The  results  are 
based  on  tests  on  both  sides  of  the  50%  probability  level  using  an  up-and-down  method.  The 
friction  sensitivity  was  measured  with  a  BAM  friction  apparatus,  using  the  same  technique. 
The  calculations  were  performed  with  the  ML14  computer  code.  The  results  from  these 
calculations  can  be  found  in  Table  3  where  data  for  RDX  is  also  given  for  comparison. 


Table  3.  Sensitivity  data  for  ADN  and  RDX. 

Explosive 

Drop  height 

Friction  Test  Electrical 

Comments 

(cm) 

(kp)  Discharge 

ADN 

31 

>35 

See  fig.  2  a 

prilled  ADN 

59 

See  fig.  2  b 

RDX 

38 

12 

The  results  indicate  that  sensitivity  to  impact  is  greatly  dependent  on  the  shape  of  the 
ADN  particles. 


DSC 

The  basic  thermal  stability  of  ADN  was  measured  with  DSC  using  a  Mettler  30 
instrument.  The  samples  were  heated  from  room  temperature  with  a  heating  rate  of  0.5-10° 
C/min.  Figure  2  shows  a  plot  of  the  natural  logarithm  of  heating  rate  vs.  1/  temperature  at 
max.  isotherm.  Using  these  data  and  the  ASTM  method  E  698-79,  the  activation  energy  (Ea) 
was  measured  and  the  frequency  factor  (Kq)  was  calculated  (temperature  interval  165- 
200  °C),  see  Table  4.  Compared  to  RDX,  ADN  has  a  smaller  activation  energy  but  also  a 
smaller  frequency  factor. 


TABLE  4.  Kinetic  parameters  from  DSC  experiment  on  ADN 


Explosive 

E, 

log  (Ko) 

Comments 

(kj/mole) 

(Ka  in  s-') 

ADN 

158 

15.8 

RDX 

201.5 

18.8 

[11] 
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Figure  3a.  Typical  DSC  curve  for  ADN. 


1000/T 

Figure  3.  DSC  plot  of  In  heating  rate  V5.  1 /temperature  at  max.  isotherm  for  ADN. 


Ignition  temperature  test 

The  sensitivity  to  thermal  ignition  was  measured  using  Wood's  metal  bath.  The  ignition 
temperature  was  found  to  be  160®C.  The  ignition  temperature  measured  for  ADN  is  relatively 
low;  Tetryl  tested  in  the  same  apparatus  under  the  same  conditions  gave  a  temperature  of 
ignition  at  207. 5 °C.  The  data  is  shown  in  Figure  4.  From  these  measurements  the  activation 
energy  was  also  determined,  Ea=  127  kJ/mole. 
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Temperature  (®C) 

Figure  4.  Time  to  ignition  temperature  measured  with  Wood's  metal  bath. 

Microcalorimetry 

An  LKB  Thermal  Activity  Monitor  equipped  with  the  BOMIC  2277  software  was  used  to 
monitor  the  stability  of  ADN  at  65,  80  and  90°C.  A  microcalorimeter  measures  the  sum  of  all 
chemical  and  physical  reactions  that  takes  place  in  the  sample.  The  apparatus  used  is  very 
accurately  thermostated  and  the  accuracy  of  the  apparatus  is  better  than  1  p,W.  In  Figure  5  the 
activity  at  65  and  90°C  over  a  period  of  5-21  days  is  shown  for  ADN.  The  batch  denoted  A  is 
less  pure  than  batch  B.  It  can  be  seen  here  that  the  activity  is  significantly  higher  for  less  pure 
ADN  and  that  water  influences  the  thermal  stability  especially  for  less  pure  ADN.  The  melted 
(prilled)  ADN  also  seems  to  be  much  more  stable.  We  do  not  currently  have  any  explanation 
for  this. 


Time  (days) 

Figure  5a.  ADN  Microcalorimetry  at  90  °C. 
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Figure  5b.  ADN  Microcalorimetry  65  °C 

FT-IR  AND  FT-Rawian  Spectroscopy 

The  ADN  was  identified  by  FT/IR  spectroscopy  (reference  spectra  from  [5,6])  which  is  so 
far  the  best  routine  method  for  identifying  ADN.  Recently,  FT-Raman  spectroscopy  has 
emerged  as  an  interesting  complement  to  FTIR  in  explosives  analysis  [12].  This  method  uses 
only  a  small  amount  of  solid  sample  (a  few  mg  of  powder)  and  is  very  easy  to  perform.  Figure 
6  shows  the  FTIR  spectrum  and  Figure  7  shows  FT-Raman  spectra  of  ADN.  The  FT-IR/ 
Raman  spectra  presented  here  were  measured  with  a  Brucker  IPS  55  equipped  with  a  Raman 
attachment.  The  excitation  wavelength  was  1064  fim  and  the  resolution  used  was  2  cm\  The 
conclusion  from  the  FT-Raman  measurements  is  that  FT-Raman  gives  a  sharper  peak  and  is 
easier  to  interpret. 
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b.  units 


Light  Sensitivity 


The  light  sensitivity  of  ADN  was  measured  by  allowing  a  solution  of  ADN  to  stand  in 
daylight  for  three  weeks.  The  results  from  these  measurements  are  shown  in  Figure  8.  The 
concentration  was  measured  with  UV-spectroscopy.  In  this  figure  is  clearly  seen  that  an  ADN 
solution  in  unstable  in  light. 


Figure  8.  ADN  light  sensitivity  (in  water  solution).  Concentration  V5.  number  of  days  in 
day  light. 

DISCUSSION  AND  CONCLUSIONS 

Some  preliminary  conclusions  can  be  drawn  from  this  initial  study,  as  follows: 

•  ADN  is  thermally  more  unstable  than  RDX. 

•  The  purity  of  ADN  greatly  influences  its  thermal  stability. 

•  The  impact  sensitivity  of  ADN  is  greatly  dependent  on  particle  shape. 

•  In  solution,  ADN  is  sensitive  to  light. 

The  results  in  this  paper  clearly  indicate  that  ADN  is  a  very  promising  candidate  for  a 
new  oxidizer,  but  that  several  important  questions  remain  to  be  answered. 
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ABSTRACT:  This  paper  discusses  a  number  of  issues  critical  to  ammonium  dinitramide  (ADN) 
propellant  technology.  It  also  includes  a  survey  of  the  chemical  purity  levels  of  ADN  produced  by 
different  sources,  the  safety  properties  of  ADN  with  different  levels  of  water  content,  and  the  prilling 
of  neat  ADN  to  produce  spherical  particles.  In  addition,  it  discusses  the  aging  stability  and  processing 
properties  of  propellants  containing  ADN  and  ADN  prills.  To  qualify  ADN  as  a  propellant  ingredient, 
these  properties  must  be  thoroughly  characterized  and  understood,  so  that  the  properties  of  ADN 
propellants  can  be  predicted  when  this  compound  is  incorporated  in  the  binder. 


INTRODUCTION 

Ammonium  dinitramide  (ADN)  is  a  very  powerful  organic  oxidizer  that  can  replace  ammonium 
perchlorate  (AP)  in  propellant  compositions.  Calculations  have  shown  that,  when  incorporated  in 
propellant  formulations,  ADN  can  make  those  propellants  capable  of  performance  equal  to  or  higher 
than  that  of  the  conventional  hydroxyl-terminated  polybutadiene  (HTPB)/AP  propellants. i  If  ADN 
propellants  are  developed,  they  will  not  produce  toxic  HCl  in  the  exhaust  and  will  greatly  minimize  the 
secondary  smoke  problem  that  is  caused  by  the  nucleation  of  HCl.  Because  of  their  environmentally 
friendly  characteristics  and  demonstrated  low  toxicity  to  humans,^-^  ADN  propellants  are  highly 
desirable. 

Initial  evaluation^  of  the  ADN  neat  solid  revealed  that  ADN  is  slightly  more  sensitive  than 
cyclotrimethylenetrinitramine  (RDX)  in  impact  sensitivity  and  it  is  not  very  sensitive  to  friction  or 
electrostatic  discharge.  ADN  was  also  shown  to  be  thermochemically  compatible  with  a  variety  of 
binder  materials. 


*  Approved  for  public  release;  distribution  is  unlimited. 

**  This  effort  was  supported  by  the  Insensitive  Munitions  Advanced  Development  (IMAD)  Program 
(Don  Porada,  cognizant  technology  manager). 
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The  undesirable  crystal  shape  (thick  plates  or  needle-like  crystals)  of  ADN  has  caused  many  of  the 
difficulties  encountered  in  ADN  propellant  processing,  especially  for  high  solids  loading  (>70%).  In 
addition  to  the  undesirable  shape,  it  has  also  been  observed  that  ADN  crystals  recrystallized  from 
organic  solvents  are  prone  to  develop  defects  and  crystal  inhomogeneity.  One  of  the  ways  developed 
to  solve  this  problem  has  been  to  produce  ADN  prills  from  molten  material.  This  process  is  similar  to 
the  one  used  in  ammonium  nitrate  (AN)  prilling  technology,  where  prills  can  be  made  from  molten 
AN.  When  conditions  are  monitored  and  controlled,  spherical  particles  of  ADN  can  be  produced.  A 
sphere  is  the  most  desirable  shape  for  maximizing  solid  loading  in  propellant  processing. 


EXPERIMENTAL  RESULTS 


Source  of  ADN 

The  synthesis  of  ADN  has  been  well  documented  by  chemists  both  from  the  U.S.  and  Russia.^-^® 
The  ADN  material  used  in  the  work  described  in  this  paper  was  purchased  from  SRI  and  Thiokol  Co. 
The  ADN  material  consists  of  either  thick  plates  or  needle-likc  crystals  with  high  aspect  ratio. 


ADN  Prilling 

According  to  Russian  technology  data,^^!  the  prilling  process  of  ADN  involves  melting  and  shearing 
ADN  to  produce  small  droplets  that  cool  rapidly  to  form  hardened  spheres. 

A  laboratory  setup  (Figure  1)  was  constructed  to  produce  ADN  prills  in  small  scale.  The  setup 
consists  of  a  fluted  glass  column  equipped  with  a  glass  stirring  rod  with  shearing  baffles  at  the  base. 
The  rod  is  connected  to  a  stirring  motor.  A  liquid  carrier  fluid  (an  oil  immiscible  with  molten  ADN)  is 
poured  into  the  column.  When  the  motor  drives  the  stirring  rod,  high-shear  conditions  can  be 
generated.  ADN  and  small  amounts  of  stabilizer  (0.3%  hexamine)  were  added  to  the  carrier  fluid;  the 
carrier  fluid  was  then  heated  in  a  oil  bath  to  105°C.  After  10  minutes  of  gentle  stirring,  the  ADN 
became  molten  (with  dissolved  thermal  stabilizer).  Upon  high  shearing,  molten  ADN  droplets  were 
quickly  formed  and  quenched  to  hardened  spheres.  About  50  batches  of  ADN  prills  (2  to  3  grams  per 
batch)  were  prepared  and  analyzed  for  safety,  thermal,  and  morphological  properties.  Some  of  the 
processing  variables  were  studied  to  find  whether  high  shear  is  necessary  to  form  the  droplets  of 
molten  ADN.  It  was  discovered  that  1 10°C  or  less  for  up  to  15  minutes  is  the  safe  temperature  at 
which  to  melt  ADN;  a  temperature  higher  than  120°C  for  any  length  of  time  decomposes  ADN  (fair 
amounts  of  gaseous  bubbles  are  present  in  the  hardened  spheres).  The  addition  of  hexamine  (0.3%  by 
weight)  serves  to  thermally  stabilize  the  ADN  melt.  No  safety  problems  were  encountered  while 
preparing  the  prills.  However,  additional  studies  are  needed  to  ensure  safe  operation,  especially  on  a 
larger  scale.  Data  obtained  on  the  melting  characteristics  of  ADN,  heating  and  cooling  rates,  and  rates 
of  shearing  should  be  useful  for  designing  a  melt  granulator  for  scaling  up  the  process. 


Characteristics  of  ADN  Prills 

ADN  prills  produced  with  the  laboratory  setup  described  above  were  characterized  for  their  properties. 
Under  optical  microscopic  examination,  the  spheres  are  translucent  to  clear  in  appearance  (Figure  2) 
and  have  high  density  (1.801  g/cm^).  Scanning  electron  microscope  (SEM)  photomicrographs  (Figure 
3)  showed  spheres  having  a  lava-like  surface  texture,  which  could  be  indicative  of  a  melting  and  crash¬ 
cooling  process. 
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Figure  2.  ADN  Prills. 
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Figure  3.  SEM  Micrograph  of  ADN  Prills, 


The  particle  size  distribution  of  prilled  ADN,  depending  upon  die  shearing  rate  used  during  the  prilling 
process,  is  typically  in  the  range  of  30  to  500  |J,m.  It  was  found  that  the  spheres  were  very  easy  to 
sieve  to  obtain  different  lots  with  narrow  particle  size  distribution.  The  spheres  containing  0.3% 
hexamine  exhibited  excellent  thermal  stability  when  compared  to  the  neat  ADN.  The  results  of  vacuum 
thermal  stability  (VTS)  tests  conducted  at  98°C  (Figure  4)  indicated  a  dramatic  effect  of  hexamine 
stabilization,  whereas  neat  ADN  decomposed  rapidly  at  this  temperature. 


30  60  90  120  150  180  200  210  220 


t,  min 

Figure  4.  ADN  Vacuum  Thermal  Stabihty  Test  Results. 

Hexammoniun  dinitramide  has  been  isolated  in  the  ADN+hexamine  mixtures;  the  presence  of 
hexaramoniun  dinitramide  was  furtl^r  verified  through  nuclear  magnetic  resonance  (NMR)  techniques. 
The  presence  of  hexamine  may  prevent  dinitramic  acid  from  attacking  the  rest  of  the  ADN,  thus 
preventing  further  ADN  decomposition. 
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Chemical  Purity  of  Neat  ADN  and  ADN  Prills 

The  chemical  purity  of  ADN  produced  from  different  sources  has  been  analyzed  by  ion 
chromatography  (IC)  with  the  anion  exchange  Dionex  column.  The  results  of  this  analysis  are 
indicated  in  Table  1.  Most  of  the  ADN  samples  were  very  pure;  they  typically  contained  only  about 
0.05  to  0.55%  of  ammonium  nitrate  (AN);  no  traces  of  nitrite  were  detected  in  any  of  the  samples. 
Occasionally,  a  small  percentage  of  ammonium  nitrourethane  (ANU)  was  detected;  this  compound  is 
part  of  the  starting  material  carried  over  in  synthesis  and  scale-up.  Although  the  effect  of  ANU  on  the 
curing  and  aging  of  ADN  propellant  is  unknown,  no  problems  are  anticipated.  During  the  synthesis 
scale-up  of  ADN,  the  pH  of  the  reaction  mixture  was  adjusted  to  8.5  to  9.0  in  the  amination  process; 
therefore,  the  nitric  acid  level  should  not  be  a  concern. 

TABLE  1 


Chemical  Analyses  of  ADN  Samples  by  IC. 


ADN  Sample 

NO3,  % 

ANU,  % 

Norris- 145 154-1 

0.11 

- 

Norris-145157-3 

0.25 

- 

SRI  PRD  5-23 

1  0.26 

- 

SRI  PRD  5-24 

0.40 

~ 

SRI  PRD  50-31 

0.55 

0.52 

ADN  prills  3-14-95  (made 
from  SRI  PDR  50-31) 

0.05 

nil 

ADN  Thiokol  6-7-95 

0.05 

nil 

ADN  prills  contain  less  AN  than  does  the  neat  ADN;  these  data  could  indicate  that,  with  the  help  of 
hexamine,  little  or  no  decomposition  of  ADN  occurs  during  the  melt  phase  of  prilling.  A  similarly 
encouraging  result  was  also  obtained  with  the  prills  made  with  Thiokol  Corporation's  material. 


Effect  of  Water  on  Thermal  and  Safety  Properties 

Data  obtained  from  Russian  ADN  literature^’^d  i  indicate  that  ADN  is  more  thermally  stable  if  the  ADN 
crystal  is  slightly  moist  (at  around  0.5%  H2O).  Because  the  climate  at  China  Lake  is  very  dry,  the 
water  content  of  ambient-stored  ADN  was  measured  regularly.  The  measurements  indicated  that 
ambient-stored  ADN  had  a  low  water  content  of  0.02%.  Various  samples  of  ADN  were  equilibrated  in 
constant  humidity  chambers  at  two  different  humidity  levels  (58  and  38%)  for  95  hours  to  allow  some 
water  to  be  absorbed  into  the  ADN  crystals.  The  water  content  of  the  ADN  samples  equilibrated  at 
different  time  intervals  was  then  analyzed.  The  results,  as  indicated  in  Table  2,  showed  that  ADN  and 
ADN  prills  can  quickly  absorb  water.  It  was  found  that  their  water  content  was  0.4%  after  24  hours, 
and  increased  to  1.76%  when  stored  over  95  hours  in  a  chamber  at  58%  relative  hunoddity.  ADN 
samples  can  also  desorb  water  quickly;  in  fact,  samples  previously  stored  at  58%  relative  humidity 
were  transferred  to  ambient  storage  where  their  water  content  decreased  to  0.07%  after  two  weeks. 

The  results  of  the  safety  tests  conducted  at  China  Lake  are  summarized  in  Table  3.  They  show  several 
important  points:  1)  ADN  is  slightly  more  sensitive  than  cyclotetramethylenetetranitramine  (HMX)  or 
cyclotrimethylenetrinitramine  (RDX)  in  impact  and  friction  tests  (this  fact  is  supported  by  other 
reports); 2)  ADN  samples  containing  0.5%  water  exhibit  less  sensitivity  to  impact  than  ADN 
samples  containing  0.02%  water;  and  3)  ADN  prills  containing  0.3%  hexamine  exhibit  no  deterioration 
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of  safety  properties  when  compared  with  the  neat  ADN  solid.  When  prills  were  being  produced,  a 
sample  containing  2%  hexamine  exhibited  greater  sensitivity  during  Allegany  Ballistic  Laboratory 
(ABL)  friction  testing,  87  pounds  at  50%  point  (close  to  the  sensitivity  of  pentaerythritol  tetranitrate 
(PETN))  compared  to  the  295  to  355  pounds  typically  obtained  for  ADN  prills  containing  0.3% 
hexamine.  It  was  concluded  that  ADN  prills  containing  over  1  to  2%  hexamine  are  most  likely  too 
friction  sensitive  to  make  or  to  process. 


TABLE 2 


ADN  Water  Content. 


Relative  Humidity,  % 

Time,  hrs 

Water,  %* 

Neat  ADN  (SRI,  >99%  pure) 

10-15  (ambient  storage) 

- 

0.02 

58 

3 

0.03 

58 

4 

0.07 

58 

16 

0.25 

58 

24 

0.40 

58 

95 

1.76 

58 

14  +  2  wks 
ambient  storage 

0.07 

38 

94 

0.06 

38 

336 

0.08 

38 

1104 

0.07 

ADN  Prills 

10-15  (ambient  storage) 

-- 

0.02 

*  Water  content  measured  by  the  Karl  Fisher  method. 


TABLE  3 

ADN  Safety  Properties. 


Safety  Tests 

Material 

Impact  (2.5  kg, 
50%),  cm 

ABL  Friction 
(50%),  lbs 

Electrostatic 
(0.25  J) 

Neat  ADN 

SRI-50-31 

11-12 

295-355 

10/10  NF 

SRI-50-31  (H2O  =  0.25%) 

11-12 

295-355 

10/10  NF 

SRI-50-31  (H2O  =  0.5%) 

15 

295-355 

10/10  NF 

Thiokol  lot  6-7-95 

1 

~ 

- 

ADN  Prills 

from  SRI-50-31  (0.3%  hexamine) 

11-12 

295-355 

10/10  NF 

from  SRI-50-31  (2.0%  hexamine) 

11 

87 

10/10  NF 

from  Thiokol  (0.3%  hexamine) 

11-12 

295-355 

10/10  NF 

NOTE:  1 .  All  ADN  samples  have  0.02%  water  content  except  where  otherwise  noted. 

2 .  HMX  (Class  1)  has  the  following  safety  properties:  Impact  =  20  cm;  ABL  friction  = 
398  lbs;  Electrostatic  =  10/10  NF. 
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ADN  Propellant  Aging 


The  thermal  stability  of  ADN  is  an  issue  that  has  been  the  focus  of  study  by  many 
investigators- Ihi3,i4  it  is  known  that  ADN  decomposes  to  form  N2O,  N2,  NH3,  nitric  acid,  and 
ammonium  nitrate.  However,  other  questions,  like  the  following,  still  remain  unanswered.  How  does 
ADN  propellant  age?  What  is  its  shelf-life?  Do  hexamine-stabilized  ADN  prills  provide  better 
propellant  shelf-life  than  the  neat  ADN  crystals? 

In  an  attempt  to  answer  some  of  these  questions,  researchers  at  China  Lake  have  made  a  number  of 
propellant  formulations  using  ADN  material,  both  crystals  and  prills,  in  glycidyl  azide  polymer  (GAP), 
poly(diethyleneglycol-4,8-dinitraza  undeconate)  (ORP-2),  and  polycaprolactone  polymer  (PCP) 
binders.  These  formulations  were  as  follows:  PCP/butanetriol  trinitrate  (BTTN)/neat  ADN, 
PCP/BTTN/ADN  prills,  GAP/BTTN/neat  ADN,  GAP/BTTN/ADN  prills,  ORP-2/BTTN/neat  ADN, 
ORP-2/BTTN/stabilized  ADN.  All  of  the  propellants  contained  65%  solids  loading,  BTTN,  and  0.8% 
n-methyl  p-nitro  aniline  (MNA)  as  the  stabilizer.  The  BTTN/polymer  ratio  was  2  to  2.5.  An  inert 
polymer  (PCP)  and  two  energetic  polymers  (GAP  and  ORP-2)  were  used  in  the  aging  study  described 
herein;  GAP/BTTN/HMX  mixes  were  used  as  the  baseline  (since  it  is  known  that  GAP,  BTTN,  and 
HMX  form  compatible  mixtures).  The  ADN  propellants  were  cured  with  either  hexamethylene 
diisocyanate  (HMDI)  or  a  multifunctional  isocyanate  (N-lOO).  The  samples  were  subjected  to  160°F 
(71°C)  isothermal  aging  conditions.  At  the  end  of  every  two-week  interval,  the  aged  samples  were 
removed,  their  stabilizer  content  was  measured,  and  their  physical  properties  were  visually  examined. 
The  samples  remained  physically  intact  and  no  exudation  or  excess  softening  were  observed.  The 
aging  samples  were  monitored  for  a  total  of  eight  weeks  at  the  same  temperature.  The  results,  also 
shown  in  Figure  5,  were  as  follows:  1)  when  compared  to  HMX-filled  compositions,  ADN 
propellants  deteriorated  more  rapidly  upon  aging;  2)  hexamine-stabilized  ADN  prills  did  not  exhibit 
any  advantage  over  neat  ADN  samples  in  long-term  aging;  3)  differences  between  the  three  binders 
used  in  the  ADN  formulations  were  observed— PCP  appeared  to  be  the  best,  followed  by  ORP-2  and 
GAP;  and  4)  all  propellant  samples  met  the  shelf-life  requirement  set  by  weapon  system  developers 
(0.2%  MNA  remaining  at  the  end  of  4  weeks  and  0.1%  MNA  remaining  at  the  end  of  8  weeks  after 
aging  at  160°F). 


160“F  (TrC)  ISOTHERMAL 


Figure  5.  ADN  Propellant  Aging. 
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SUMMARY  AND  CONCLUSION 


The  chemical  purity  of  the  ADN  produced  by  SRI  and  Thiokol  is  very  high.  Less  than  0.5% 
impurities  were  found  in  all  the  samples  tested.  During  studies,  it  was  learned  that  ADN  absorbs  and 
desorbs  water  freely;  therefore,  propellant  processing  needs  to  be  conducted  in  a  dry  environment. 

Upon  aging,  ADN  propellants  behave  in  a  way  similar  to  that  of  conventional  nitrate-ester-containing 
propellants  and  can  be  stabilized  by  adding  MNA  to  the  propellant  mix  to  prolong  their  shelf-life. 
Preliminary  results  indicate  that  high-energy  ADN  propellants  can  be  made  with  sufficient  shelf-life  for 
incorporation  in  U.S.  weapon  systems.  The  presence  of  a  chemical  stabilizer  within  the  crystal  is  not 
critical  to  obtaining  good  aging  characteristics  in  propellants,  but  it  is  critical  to  use  small  amounts  (0.3 
to  0.5%)  of  hexamine  or  other  stabilizer  in  the  melt  phase  of  the  prilling  process  to  ensure  the  safety 
and  thermal  stability  of  the  ADN  melt. 

High-quality  spherical  ADN  particles  can  be  obtained  through  a  granulation  process  in  a  small 
laboratory  apparatus.  This  is  an  important  technological  development,  because  a  sphere  is  the  most 
desirable  shape  for  good  processing  (ADN  propellants  with  high  solids  loading  can  be  obtained  by 
using  spherical  ADN  particles).  A  melt  granulator  is  currently  being  designed  and  constmcted  to  scale 
up  the  prilling  process  to  produce  ADN  prills  for  propellant  formulation. 
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COMMENTS 

Dr.  A.  Peretz,  Rafael,  Haifa,  Israel.  1.  Can  you  comment  on  the  ballistic  and  mechanical  properties  of 
ADN-based  propellants?  2.  What  kind  of  problems  need  solutions  before  operational  use  of  those 
propellants? 


Author's  Reply.  We  have  typically  found  that  ADN  propellants  bum  about  1.5  to  2  times  faster  than 
the  corresponding  HMX  compositions.  Because  the  processing  problems  associated  with  ADN 
propellants  have  not  been  fully  resolved,  their  mechanical  properties  have  yet  to  be  properly  assessed 
and  optimized. 

Before  ADN  propellants  are  recommended  for  operational  use,  their  properties — ballistic,  mechanical, 
processing,  and  hazard — need  to  be  fully  assessed  and  optimized. 
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‘ACTIVATED’  ALUMINUM  AS  A  STORED  ENERGY  SOURCE  FOR 
PROPELLANTS 


By  Gennady  V.  Ivanov^  and  Frederick  Tepper^ 

Institute  of  Petroleum  Chemistry,  Russian  Academy  of  Sciences,  Tomsk,  Russia^; 
Argonide  Corp,  1-4  Industrial  Park,  Sanford,  Florida,  32771,  USA^ 


ABSTRACT:  The  process  of  electro-explosion  of  metal  wires,  \\4iich  has  been  known  for  more  than 
200  years,  has  been  adapted  to  the  preparation  of  activated  aluminum,  called  Al^.  The  process 
produces  metallic  particles  of  approximately  50-100  nanometers  in  size.  X-ray  diffraction  studies  both 
in  Russia  and  the  U.  S.  A.  confirm  the  crystallites  are  aluminum,  although  one  study  shows  a  minor 
amount  of  an  unknown  phase,  that  is  presumed  to  be  oxide.  The  surface  phase  appears  to  be 
semiconductive  in  nature.  The  most  unusual  characteristic  of  this  aluminum  is  the  stored  energy  that 
is  released  upon  reaching  a  threshold  temperature.  While  this  heat  g^eration  has  beei  confirmed  by 
other  researchers,  no  one,  including  the  authors  has  a  provem  theory  for  the  source  of  this  energy. 
Nevertheless,  this  material  is  suggested  for  use  as  a  fuel  in  pyrotechnics,  explosives  and  propellants. 


DESCRIPTION  OF  THE  PROCESS 

The  electro-explosion  of  a  metal  wire  (EEW)  to  produce  aerosols  was  discovered  in  1773  by  Michael 
Faraday,  but  its  practical  application  and  detailed  investigation  didn’t  begin  until  after  World  War  H. 
This  was  in  connection  with  the  study  of  detonators  for  atomic  bombs  and  space  rocket  technology. 


These  investigations  showed  unusual  behavior  in  the  way  current  flowed  through  wires  and  a  number 
of  experimental  research  studies  were  then  performed.  The  result  is  a  picture  of  the  electro-explosion 
process  in  which  short  powerful  impulses  of  current  generates  a  compressing  electromagnetic  fidd 
around  the  wire.  The  field  keeps  the  metal  together  in  the  form  of  a  cylinder  even  though  the  metal  is 
extremely  superheated.  In  addition,  the  flow  of  the  current  heats  the  wires  up  to  20,000  to  30,000 
degrees  and  then  its  electrical  resistance  rises  to  infinity,  causing  interruption  of  the  current  flow.  Then 
the  supercompressed  and  superheated  metal  in  the  form  of  a  plasma  expands  -with  supersonic  velocity, 
creating  a  shock  wave  in  the  surrounding  gas,  and  produces  atomized  nanosize  metal  crystallites. 

The  phenomenon  of  EEW  was  the  subject  of  rq>orts  in  four  international  symposia  [1-4],  and  ma>d>e 
hundreds  or  even  thousands  of  articles  were  published  in  scientific  maga2ines  in  the  USA,  Russia  and 
dsewhere.  But  only  four  articles,  published  before  1970  [5-8]  were  dedicated  to  producing  fine  aerosols 
by  the  EEW  process,  and  th^  didn’t  perform  detailed  research  on  the  properties  of  the  particles  that 
were  produced. 

After  1970,  the  Ifigh  Voltage  Institute  in  Tomsk,  Russia,  studied  the  production  of  ultra-fine  aluminum 
powders  (Alex)  by  the  EEW  process.  In  these  studies  the  explosion  of  the  wire  was  done  in  a  vessel 
filled  with  a  non  oxidizing  gas  of  either  hydrogen,  argon  or  helium,  and  the  particles  were  collected  by 
sedimentation.  A  semi-automatic  laboratory  apparatus  was  constructed  that  produced  ^ams  of  powder 
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per  day,  which  provided  sufficient  material  to  initiate  studies  of  physical  and  chemical  properties  of  the 
powder. 


THE  SHAPE  AND  SIZE  OF  THE  PARTICLES 

Early  electron  photomicrographs  showed  that  the  Alex  particles  are  ideal  spheres  (Fig  1).  The  size  of 
the  particles  depends  on  the  length  and  diameter  of  the  exploding  wires,  the  voltage,  the  total  quantity 
of  electrical  energy  imparted  to  the  wire,  the  characteristics  of  the  impulse,  the  source  of  the  wire  and 
other  parameters  [  9,  10].  Recently  it  was  found  that  the  spheres  were  formed  as  a  result  of  melting  and 
sintering  under  the  action  of  the  electron  beam  of  the  microscope.  This  change  occurred  over  a  period 
of  2  to  3  seconds  after  initial  application  of  the  beam  to  the  field  of  view.  Fig  2  shows  the  initial  view 
and  Fig  3  shows  the  view  after  several  seconds.  The  formation  of  spherical  balls  as  in  Fig.  1  became 
apparent  during  continued  vievring  under  the  high  energy  beam.  Electron  microscopic  views  of  the 
powder  could  be  obtained  without  it  being  sintered  through  the  use  of  the  low  energy  scanning  electron 
microscope  (Fig  4),  or  by  heat  sinking  or  cooling  the  stage.  In  this  case,  the  powder  is  seen  as  irregular 
clumps  of  very  small  particles  of  approximately  50  nanometers  in  size.  This  irregular  collection  of 
particles  may  be  described  by  the  theory  of  fractals.  [11,  12]. 

CHEMICAL  COMPOSITION 

Standard  chemical  analysis  shows  that  Alex  is  approximately  92-95%  aluminum.  Using  mass 
spectrometry  and  vacuum  thermal  desorption,  while  measuring  weight  loss  (using  a  highly  sensitive 
quartz  spiral  balance),  and  by  measuring  the  volume  of  the  desorbed  gas,  it  was  established  that  the 
powder  contained  5-8%  of  adsorbed  air  components.  First,  moisture  desorbed  after  the  temperature  of 
the  sample  reached  100  deg,  nitrogen  then  desorbed  in  the  interval  200-250  deg  and  oxygen  desorbed 
at  300-  350  deg.  Upon  cooling  in  air,  the  sample  readsorbed  the  same  quantity  of  air  as  had  been 
desorbed.  Alex  will  absorb  other  gases,  including  chlorine,  and  so  long  as  it  is  kept  in  a  dry  atmosphere 
the  chlorine  did  not  react  chemically  with  the  aluminum  over  a  period  of  one  year. 

STRUCTURE  OF  THE  CRYSTAL  LATTICE 

The  x-ray  powder  diffraction  patterns  of  Alex  are  identical  to  that  of  crystalline  aluminum.  Prof 
Randall  German’s  group  at  Perm  State  Univ.  also  verified  that  no  peaks  were  observed  other  than  those 
of  aluminum.  They  dso  calculated  sizes  for  the  crystal  lattice  to  be  67  nanometers.  More  accurate 
measurement  of  Alex  by  Prof  Deane  Smith  of  Perm  State  shows  a  minor  phase  barely  discemable  by  x- 
ray,  whose  lines  are  unidentified,  and  is  presumed  to  be  an  oxide. 

ELECTROCONDUCTIVITY 

Pressed  pellets  of  Alex  have  a  room-temperature  electrical  resistivity  of  hundreds  of  millions  of  ohms, 
which  depends  upon  the  pressure  that  had  been  applied  to  the  pehet  to  form  it.  At  200-300  deg,  the 
resistance  falls  to  20,000  -30,000  ohms.  Upon  recooling  to  room  temperature,  the  higher  resistivity  is 
restored  to  the  initial  level  rather  precisely.  This  phenomenon  was  repeated  over  several  cycles  of 
heating  and  cooling.  Hall  eflfect  measurements  were  done  that  showed  that  the  carriers  of  current  are 
positive.  This  means  that  Alex  behaves  as  a  semi-conductor  of  holes.  The  data  of  chemical  and  x-ray 
analysis  and  the  semiconductor  behavior  suggest  that  the  particles  are  surrounded  by  a  thin  film  of 
unusual  oxide  composition. 


STORED  ENERGY 

Figure  5  shows  thermogravimetric  analysis  (TGA/DTA)  plots  on  a  sample  of  Alex,  where: 
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Figure  2 
SEM  of  Alex. 
(Early  exposure.) 


TEM  of  ALEX, 


SEM  of  Alex 
(Late  exposure.) 


Low  energy  SEM  of  Alex. 


Curve  1  is  the  applied  temperature 
Curve  2  is  the  change  of  temperature  of  the  Alex  sample 
Curve  3  is  the  change  in  weight  of  the  sample 
Curve  4  is  the  differential  of  Curve  2. 

An  exotherm  occurs  at  450  degrees  without  any  weight  change,  that  is,  without  oxidation.  The 
exotherm  reaches  a  maximum  at  550  deg,  with  partial  oxidation  occurring  after  550-580  deg.  There  is 
an  endotherm  at  637  degrees  corresponding  to  melting.  There  is  a  peak  at  753  corresponding  to  fast 
oxidation. 

Microscopic  observation  and  classical  chemical  analysis  of  the  Alex  sample  after  TGA  shows  that  near 
70%  of  it  is  bright  metallic  balls  of  pure  aluminum  and  only  30%  by  weight  is  white  oxide.  When  we 
spread  Alex  powder  on  a  ceramic  sheet  and  ignite  it  by  a  hot  wire,  it  shows  a  two-step  reaction.  The 
first  reaction  produces  a  dull  red  light,  which  occurs  across  the  powder  layer.  Then  the  material  may 
cool  and  if  reignited,  there  is  a  second  step  which  is  presumably  the  burning  process  that  occurs  with  the 
generation  of  white  light.  But  as  with  the  TGA  experiments,  full  oxidation  is  absent.  We  conclude  that 
the  process  of  self-heating  and  self-sintering  of  Alex  particles  is  faster  than  the  process  of  oxidation. 

Pressed  pellets  of  Alex  were  placed  on  a  stainless  steel  plate  inside  a  glass  vacuum  chamber  and  were 
heated.  Using  a  thermocouple  we  measured  the  temperature  of  the  steel  plate,  and  with  a  second 
thermocouple  measured  the  pellet  temperature.  At  approximately  450-460  deg,  the  pellet  starts  to  show 
signs  of  melting,  while  the  second  thermocouple  detects  a  fast  rise  in  temperature  of  the  pellet  to  900 
deg.  This  process  of  fast-rising  temperature  over  a  two  to  three  second  duration  corresponds  to  a 
process  of  heat  explosion. 

When  one  edge  of  a  pressed  pellet  is  placed  on  a  hot  plate  there  is  a  visible  propagation  of  light  across 
the  pellet.  Figure  6  is  a  cinematic  view  of  the  advance  of  the  light  wave.  The  moving  of  the  wave 
transforms  the  dark  material  of  the  pressed  pellet  of  Alex  into  bright  monolith  metal.  So,  releasing  all 
the  stored  energy  in  Alex  takes  place  in  the  form  of  heat  explosions  and  heat  waves  [13  and  14]. 

CHEMICAL  PROPERTIES 

The  reaction  of  Alex  with  water  is  evident  at  50  deg,  and  at  70-80  deg  Alex  will  react  within  seconds 
in  the  form  of  heat  explosions,  which  heat  the  water  to  boiling.  The  solid  products  of  this  reaction,  as 
defined  by  x-ray  diffraction,  are  Al(OH)3,  AlOOH  and  mostly  AI2O3.  The  reaction 

2A1  +  3H2O  =  AI2O3  +  3H2  +  7570  KJ/  gram 

is  very  energetic  and  can  be  used  for  the  generation  of  hydrogen.  The  energy  available  if  the  hydrogen 
is  burned  is  14,300  kJ/g.  The  surface  area  of  the  aluminum  oxide  that  is  produced  is  about  200  mVg. 
We  have  found  this  alumina  to  be  a  very  effective  absorbent  of  different  organic  and  inorganic  impurities 
in  the  purification  of  water. 

Stable  gels  can  be  formed  by  adding  water  containing  3%  polyacrylamide  to  Alex.  The  gel  of  water  in 
the  polyacrylamide  was  mked  mechanically  with  Alex  to  yield  a  1 : 1  molar  mixture,  which  is  paste-like. 
In  the  form  of  a  gel,  the  water  doesn’t  boil  at  100  deg,  and  after  ignition  by  a  hot  wire,  the  Alex/water 
gel  will  bum  similarly  as  would  paste  propellants.  The  effect  of  pressure  on  the  burning  rate  is  seen  in 
Fig  7.  We  used  an  argon-filled  Crawford  bomb,  with  a  quartz  tube  of  1  cm  inner  diameter  and  3  cm 
high  filled  with  the  paste.  The  burning  rate  curve  can  be  described  by  the  formula: 

V  =  0. 183  (p/po)°  '*  cm/sec,  where  p^  “  1  atm 

We  also  performed  some  experiments  in  a  Viel  bomb.  A  pressure  of  600-700  atmospheres  war  formed 
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Figure  7.  Burning  rate  for  Atex  gel. 


Figure  8.  “Burning”  of  Alex  in  Nitrogen. 
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by  bursts  of  the  contents  as  if  gun  powder  was  ignited.  The  calculated  temperature  was  in  excess  of 
4000  deg,  substantially  above  the  melting  point  of  the  aluminum  oxide,  which  melts  at  2100  deg.  The 
product  of  this  reaction  was  a  single  transparent  monolith.  There  was  also  some  quantity  of  aluminum 
nitride  as  a  result  of  the  presence  of  the  polyacrylamide.  [15]. 

Alex,  when  contained  in  a  Crawford  bomb  will  ignite  and  ‘bum’  vigorously  in  pressurized  (20-60  atm) 
nitrogen.  Figure  8  shows  the  self-propagating  wave  during  the  synthesis  of  AIN.  The  resulting  nitride 
product  contains  only  2-3%  of  unreacted  Alex. 

Pressed  pellets  (20  mm  dia.,  2-3  mm  high)  of  mixtures  of  Alex  with  lead  nitrate  or  barium  nitrate  were 
nested  within  massive  steel  blocks  and  covered  by  steel  lids.  After  being  impacted  by  shock  waves  from 
the  explosions  of  hexamethyl-3  nitroanaline,  chemical  analysis  shows  that  the  resulting  products  contain 
no  aluminum  oxide,  and  the  Alex  was  transformed  into  AIN.  So,  it  appears  that  Alex  reacts  more  readily 
and  more  quickly  with  nitrogen  than  with  oxygen. 

ALEX  ADDITIONS  TO  EXPLOSIVES 

The  internal  energy  content  of  Alex  can  be  utilized  in  explosives.  For  instance.  Fig.  9  shows  how  the 
detonation  velocity  of  hexamethyl-3-nitroaniine  changes  versus  Alex  content.  In  these  experiments  we 
worked  with  charges  20  mm  in  diameter,  70  mm  long  that  were  pressed  up  to  a  density  of  0.9.  The 
velocity  of  the  process  was  measured  by  the  standard  method  of  registration.  The  picture  shows  that 
the  mechanisms  have  abnormal  character.  When  the  content  of  Alex  was  lower  than  30%,  the 
detonation  velocity  decreased  from  5400  meters/sec  to  4700  meters/sec,  about  equivalent  to  how 
industrial  aluminum  formulations  behaved.  But  with  additional  Alex  contents  there  was  a  very  fast  rise 
to  7000  meters/sec  (at  50  %  of  Alex).  This  means  that  at  these  low  concentrations,  the  energy  of  the 
particles  didn’t  contribute  to  the  explosion,  but  at  higher  contents  there  is  a  very  large  effect  on 
increasing  the  speed  of  detonation.  This  is  the  first  time  that  it  has  been  noted  that  the  speed  of 
detonation  can  be  increased  by  the  addition  of  metal  powdem.  It  means  that  the  individual  particles  react 
during  the  high  speed  detonation  reaction,  releasing  their  energy  in  the  period  less  than  one  microsecond, 
which  is  similar  to  a  micro-explosion.  In  our  experiments  with  explosives,  aluminum  nitrides  rather  than 
oxides  are  formed  in  the  detonation  reaction.  This  reduces  the  amount  of  nitrogen  oxides  generated  by 
the  explosion  [16]. 


STUDIES  OF  BINARY  ALEX-OXIDIZER  MIXTURES 

Binary  mixtures  of  Alex  and  ammonium  perchlorate,  potassium  nitrate  or  sodium  nitrate  were  pressed 
up  to  densities  of  0.9-0.95  and  inserted  into  transparent  plexiglass  tubes  (inner  diameter  of  8  mm,  wall 
thickness  of  1  mm).  The  length  of  the  charge  was  10  mm.  Samples  were  burned  in  a  constant  pressure 
bomb  (Crawford  bomb).  The  burning  velocity  was  measured  by  photo  registrations. 

Figure  10  shows  the  burning  velocity  versus  the  percent  of  metal  in  the  mixture  containing  ammonium 
perchlorate.  (Note:  There  is  a  heat  output  for  pure  Alex  because  of  its  self-  heating  phenomena.)  For 
nuxtures  of  ammonium  perchlorate  and  low  contents  of  Alex  and  at  a  pressure  of  40  atmospheres,  the 
burning  velocity  was  equal  to  or  slightly  lower  than  analogous  mixtures  based  on  industrial  aluminum 
powder.  However,  with  an  increasing  content  of  Alex,  the  burning  velocity  increased  10  to  20  times. 
Mixtures  with  40%  of  industrial  aluminum  were  not  combustible,  but  mixtures  with  Alex  had  high 
burning  rates  when  the  aluminum  content  was  between  42  to  95%. 

For  mixtures  of  Alex  and  potassium  perchlorate  (  Fig  11),  there  was  also  a  sharp  dependence  of  burning 
velocity  on  the  Alex  content.  The  burning  velocity  rose  very  quickly  at  5  to  15%  (Curve  1)  and  reached 
a  maximum  velocity  of  180  mm/sec  at  metal  contents  near  stoichiometry.  Alex  was  also  substituted  for 
a  part  of  the  industrial  aluminum.  The  addition  of  30%  Alex  to  industrial  powder  improves  the  burning 
of  the  mixture.  The  velocity  of  burning  of  activated  aluminum  with  nitrates  (Curve  3,  Fig.  12)  was  also 
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ten  times  higher  than  analogous  mixtures  with  industrial  aluminum  (Curve  4).  In  this  case,  the  maximum 
burning  rate  is  shifted  to  compositions  greater  than  stoichiometric.  Burning  rate  is  a  ftmction  of  the 
packing  density,  with  Curve  1  compacted  to  about  0.9  (90%  of  theoretical  density),  while  curve  3  is 
compacted  to  a  higher  density  -  in  excess  of  0.95. 

It  is  generally  known  that  on  the  surface  of  burning  a  charge  of  propellant,  the  particles  of  aluminum  melt 
and  agglomerate  to  large  droplets  which  have  no  time  to  fully  oxidize  within  the  throat  of  the  engine. 
There  are  two  modes  of  energy  loss  due  to  incomplete  combustion  -  the  loss  of  heat,  and  a  reduction 
in  gas  velocity  caused  by  the  presence  of  the  large  heavy  particles.  Figure  13  shows  a  microcinema  of 
the  surface  of  a  burning  mixture  of  ammonium  perchlorate,  Alex  and  binder.  This  figure  shows  that  the 
metal  bums  mainly  on  the  surface  and  high  dispersive  particles  of  oxide  are  present  in  the  flame,  rather 
than  burning  droplets  of  aluminum  as  is  the  case  when  ordinary  pyrotechnic  aluminum  is  used. 

It  is  also  generally  known  that  when  samples  of  propellants  bum  while  standing  on  massive  metallic 
blocks  there  isn’t  fiill  combustion.  There  is  a  thick  film  of  unbumt  substances  on  the  metal  block  as  a 
result  of  fast  cooling  of  condensed  phases  of  burning  propellant.  These  sections  of  pyrotechnic  mixtures 
(about  0.5  mm-1  mm  thick  on  the  surface  of  the  blocks)  were  very  visible  and  included  droplets  of 
metals  and  carbonized  binder.  On  the  other  hand,  mixtures  with  Alex  don’t  produce  any  trace  of  residue, 
indicating  their  combustion  was  rather  complete. 

Charges  of  these  mixtures  were  compressed  into  steel  tubes  and  they  were  cooled  by  liquid  nitrogen. 
At  temperatures  near  -70  degrees  the  mixture  with  industrial  aluminum  didn’t  bum.  But  the  mixture 
with  Alex  invariably  burned  reliably  and  completely  all  the  time,  even  after  keeping  it  2-3  hours  inside 
of  a  liquid  argon-filled  vessel. 

It’s  obvious  that  using  Alex  in  pyrotechnic  mixtures  changes  the  mechanism  of  burning.  In  usual 
mixtures,  burning  causes  a  flow  of  heat  fi'om  the  flame  into  the  soUd  pyrotechnic  and  if  the  quantity  of 
this  heat  is  too  small  for  gasification,  as  in  sub-cooled  conditions,  then  the  combustion  isn’t  self- 
propagating.  With  Alex,  the  conduction  of  heat  releases  the  energy  which  is  conserved  in  the  particles, 
which  causes  initiation  of  burning  processes,  because  the  temperatures  attained  in  the  solid  cause 
decomposition  of  ammonium  perchlorate  accelerating  oxidation  at  the  gas/solid  interface. 

Portions  of  10  mg  of  stoichiometric  mixtures  of  unpressed  powders  of  ammonium  perchlorate  with  three 
versions  of  Alex  were  put  in  small  aluminum  foil  cups  and  put  on  a  hot  plate.  Figure  14a  shows  curves 
of  the  explosion  delay  time  versus  the  temperature  of  the  hot  plate.  A  sharp  sound  and  destruction  of 
the  foil  into  very  small  fi-agments  allowed  us  to  conclude  that  these  processes  were  not  burning  but 
detonation.  We  got  analogous  results  with  potassium  chlorate  and  potassium  perchlorate  formulations. 
Mixtures  with  industrial  aluminum  flashed  without  any  sound  .  The  points  on  curve  Fig  14b  lie  on 
straight  lines  in  coordinates  1/T  X  10^-  lg(t)  .  In  Fig  14b,  the  slope  shows  the  energy  of  activation  is  5 
or  6  Kcal  per  mole  for  each  of  the  three  oxidizer  formulations.  Such  activation  energies  correspond  to 
physical  desorption,  rather  than  chemical  reaction.  In  this  case,  it  is  the  activating  character  of  the 
aluminum  that  is  responsible  for  the  low  activation  energy. 


CONCLUSIONS 

Aluminum  powder,  formed  by  the  process  of  electro-explosion  of  aluminum  wire,  has  unusual  physical 
and  chemical  properties,  and  has  conserved  energy  which  is  useful  in  enhancing  the  performance  of 
propellants  and  explosives.  In  addition,  the  enhanced  reactivity  of.this  material  provides  benefits  in  the 
direct  synthesis  of  aluminum  compounds  such  as  AIN.  The  specific  cause  of  the  conserved  energy  has 
not  yet  been  conclusively  identified,  and  future  studies  are  intended  to  elucidate  this  unusual  behavior. 
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rigur 


:rocinema  of  burning  Alex/Ammonium  Perchlorate  mixture. 


Figure  14.  Explosion  time  versus  temperature  for  Ammonium  Perchlorate/Alex. 
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COMMENTS 

A.  Peretz,  Rafael,  Israel.  1 .  Have  you  considered  quantitatively  the  applications  of  Aex  to  rocket 
propulsion?  What  will  be  the  limitations  of  use  in  this  case,  if  any?  Another  application  to  be  considered 
may  be  FAE  systems. 

Author’s  Reply.  We  have  in  fact  considered  Alex’s  use  in  solid  propellants,  such  as  with  ammonium 
perchlorate.  There  is  some  experimental  work  being  done  at  a  few  U.  S.  government  agencies  and  a  few 
aerospace  organizations  in  such  applications  and  the  results  are  promising.  Substantial  increases  in 
burning  rate  were  obtained.  It  was  also  noted  that  there  was  more  uniformity  in  burning  Alex,  while 
coarser  aluminum  powder  agglomerated  during  burning.  Gels  of  Aex  in  water  appear  to  be  a  promising 
monopropellant,  but  there  has  been  no  work  done  on  such  mixtures  outside  of  our  own  studies.  We 
believe  that  FAE  is  indeed  a  good  application  for  Alex,  but  no  work  has  been  done. 
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HIGH  BURNING  RATE  SOLID  ROCKET  PROPELLANTS 
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ABSTRACT 

The  need  for  high  velocity  in  ground  to  air  missile  applications  which  require  a  very  short  time  of 
combustion  for  the  rocket  motor  and  for  the  thrusters  piloting  the  trajectory,  has  prompted  SNPE  to 
study  and  develop  under  governmental  funding  new  minimum  and  reduced  smoke  solid  propellants  with 
high  burning  rate  which  will  be  able  to  meet  also  the  high  energy  and  IM  requirements.  As  it  has 
already  recently  shown  Butacene  catalysed  reduced  smoke  composite  propellants  are  a  good  base  to 
achieve  high  burning  rate  with  a  relatively  reduced  pressure  exponent  in  a  large  range  of  operational 
pressure.  The  adjustment  of  the  combustion  characteristics  may  be  obtained  by  controlling  the  content 
of  Butacene  in  direct  relationship  with  the  content  of  iron,  and  the  content  of  Ammonium  Perchlorate 
and  its  particles  size.  The  use  of  Ultra  Fine  Ammonium  Perchlorate  allows  to  achieve  ultra  high  burning 
rates,  between  50  mm/s  to  200  mm/s  in  a  very  large  range  of  pressure  as  the  pressure  exponent  may 
stay  under  0.5  until  several  hundreds  of  bars. 

Unlike  composite  propellant  for  which  it  is  relatively  easy  to  achieve  high  burning  rate  as  a  lot  of 
various  catalysts  act  on  the  decomposition  mechanism  of  the  Ammonium  Perchlorate  oxidiser, 
minimum  smoke  XLDB  propellants  which  use  Nitramine  (RDX)  cannot  be  accelerated  in  a  efficient 
way  by  the  use  of  additives  modifying  the  combustion  of  this  "monopropellant”  filler.  Very  few 
combustion  catalysts  of  pure  RDX  exist  and  they  are  incompatible  with  the  main  energetic  ingredients 
of  the  XLDB  binders.  Therefore  the  only  practical  ways  to  achieve  high  burning  rate  minimum  smoke 
propellants  are : 

•  to  incorporate  ballistic  modifiers  used  in  conventional  double  base  propellants  such  as  lead 
catalysts  or  more  recently  SNPE  developed  unleaded  catalysts  which  act  on  the  decomposition  of  the 
binder.  But  the  effects  on  the  burning  rate  stay  at  a  limited  level,  which  lags  far  from  our  goals.  The  low 
pressure  exponents  are  nevertheless  veiy  attractive. 

•  to  use  new  energetic  ingredients,  binder  or  filler,  which  bum  by  themselves  faster  than  the 
conventional  constituents.  Some  great  results  have  been  obtained  with  new  formulations  which  use 
GAP  binder  and  CL  20  as  a  main  filler.  Burning  rate  as  high  as  40  mm/s  at  operational  pressure  will  be 
achievable  in  the  next  future  if  a  good  compromise  with  energetic  properties  and  IM  objectives  may  be 
found. 

In  conclusion,  today,  to  achieve  very  high  burning  rates,  specifically  required  for  some  thruster  grain 
design,  Butacene  based  reduced  smoke  propellants  with  Ultra  Fine  Ammonium  Perchlorate  are  the  only 
solution.  But  for  the  main  propulsion  which  needs  medium  range  of  burning  rate,  minimum  smoke 
propellants  are  available. 

1  -  HIGH  BURNING  RATE  REDUCED  SMOKE  COMPOSITE  PROPELLANT 

A  large  increase  of  burning  rate  at  operational  pressure  can  be  achieved  by  the  use  of  catalysts  of  the 
decomposition  of  Ammonium  Perchlorate  used  in  large  amount  (more  than  82  %  in  the  conventional 
minimum  smoke  composite  propellant.  These  catalysts  are  very  well  known  :  they  are  metallic 
derivatives,  solid  such  as  Copper  Chromite  or  Ferric  Oxide  and  liquid  such  as  the  ferrocenic 
compounds,  Catocene  and  Butacene.  The  latter  with  its  ferrocene  groups  attached  to  the  backbone 
of  the  polymer  is  very  attractive  since  it  exhibits  the  same  great  efficiency  as  the  liquid  ferrocene 
catalysts  without  their  main  drawback  which  is  a  poor  ageing  due  to  their  potential  migration  in  the 
cured  binder. 
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An  other  well  known  way  to  increase  the  burning  rate  of  the  minimum  smoke  composite  propellants  is 
the  use  of  fine  particles  of  Ammonium  Perchlorate  .  At  SNPE  we  have  developed  some  grinding 
processes  at  industrial  scale  to  get  various  grades  of  fine  particles  :  10  pm  (conventional  grinding), 
3  pm  (Fluid  Energy  Mill)  and  1  pm  (grinding  process  in  a  liquid  suspension).  Combinations  of 
Butacene  and  these  various  grades  of  Ammonium  Perchlorate  have  been  mixed  to  try  to  get  the  higher 
burning  rate  achievable  in  composite  propellants. 

Effect  of  the  Particle  Size  of  Ammonium  Perchlorate. 

All  the  results  presented  have  been  obtained  in  propellants  containing  86  %  of  solid: 

♦  85  %  of  A.P.  and  1  %  of  A1  (Table  1) 
and  ♦  82  %  of  A.P.  and  4  %  of  A1  (Table  2) 

in  a  binder  formulated  with  a  mix  of  50  %  of  Butacene  Prepolymer  and  50  %  of  HTPB.  Butacene  has 
been  already  described  (Fig  1)  : 

Figure  1.  Sketch  of  the  Butacene  Prepolymer. 


HO-(CH  -CH  =  CHj-CH  )-(CH 

-CH)  -OH 

1  P 

h 

CH 

1  1 

1 

CH 

1  1 

CH 

1  ^ 

2 

CH  -  Si  -  CH 

3  3 

1 

Fc 

It  is  a  HTPB  prepolymer  with  attached  ferrocene  groups  to  avoid  any  possibility  of  migration  of  the 
catalyst  and  potential  problems  of  ageing. 


Table  1 

Burning  rate  of  Reduced  Smoke  Propellants  (A.P.  82  %  ;  A1  4  %) 


Grade  of  A.P  (%) 

(Mean  Diameter  in  pm) 

200  90  40  10  3 

Burning  rate* 
(7  MPa) 
mm/s 

Pressure 
exponent 
(5  to  30  MPa) 

Burning  rate  * 
(Ambient  Pressure) 
mm/s 

Specific 

Surface** 

mVg 

Ba 

Ell 

nn^^iii 

25.4 

0.27 

0.11 

HH 

MM 

25 

0.28 

3.1 

0.12 

0 

■■ 

38.5 

0.36 

3.9 

0.38 

37.8 

0.40 

0.29 

52 

30 

42.2 

0.39 

0.41 

*  Ultrasonic  or  Strand  Burner  measurements. 

**  Computed  from  the  mean  diameter. 

These  results  obtained  with  castable  compositions  show  that  the  increase  of  burning  rate  due  to  the 
increase  of  the  specific  surface  of  A.P.  is  relatively  strong  for  the  low  value  and  becomes  nearly  flat 
with  the  use  of  Ultra  Fine  A.P.  (Fig  2). 
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Table  2 

Burning  rate  of  Reduced  Smoke  Propellants  (A.P.  85  %  ;  A1  1  %) 


Grade  of  A.P  (%) 
(Mean  Diameter  in 
urn) 

90  10  3  1 

Burning  rate* 
(7  MPa) 
mm/s 

Pressure 
exponent 
(5  to  30  MPa) 

Burning  rate  * 
(Ambient  Pressure) 
mm/s 

Specific 

Surface** 

mVg 

55 

KM 

36 

0.36 

5.9 

0.48 

34 

23 

28 

43.8 

0.37 

6.2 

0.50 

55 

22 

8 

43.6 

0.37 

9.3 

0.55 

37 

KM 

41.9 

0.36 

6.4 

0.46 

37 

23 

25 

40.8 

0.36 

4.8 

0.43 

*  Ultrasonic  or  Strand  Burner  measurements. 

**  Computed  from  the  mean  diameter. 

The  upper  limit  of  the  burning  rates  achievable  with  this  type  of  castable  compositions  (limited  content 
of  burning  rate  catalyst  and  fine  A.P.  for  safety  reasons,  see  hereinafter)  is  nearly  40  to  45  mm/s  at  7 
MPa  and  70  to  75  mm/s  at  25  MPa  (see  Fig  3  and  4)  which  comply  with  the  requirements  of  the  future 
motors.  The  pressure  exponent  remains  low  (between  0.35  to  0.4)  for  the  considered  range  of  pressure. 
A  small  decrease  of  this  exponent  is  reported  with  the  coarse  A.P. 

In  the  last  column  of  the  tables  1  and  2  are  mentioned  the  burning  rate  at  ambient  pressure.  This 
parameter  is  considered  very  important  at  SNPE  for  these  compositions  which  are  easy  to  ignite,  for 
instance  by  friction  (sensitivity  ;  50  to  60  N  at  Julius  Peters  Test).  It  is  directly  linked  to  the  heat  flux 
provided  by  the  combustion  of  a  propellant  sample:  in  case  of  accidental  ignition,  higher  is  the  ambient 
burning  rate  higher  is  the  heat  flux  and  more  severe  may  be  the  eventual  injures  of  a  present  worker. 

The  long  experience  at  SNPE  of  the  manufacture  of  high  burning  rate  composite  propellants  whatever 
the  catalyst  is  used,  solid  or  liquid,  recommends  not  to  exceed  an  ambient  burning  rate  of  5  mm/s  to 
respect  reasonable  safety  conditions  of  handling  of  propellant.  This  parameter  increases  with  the  use  of 
fine  particles  of  A.P.  until  unacceptable  level  with  propellants  very  rich  in  Fine  (3  pm)  or  using  Ultra 
Fine  (1  pm)  A.P.  It  can  be  noticed  that  the  compositions  with  significant  amount  of  Aluminium  (4%) 
burn  at  a  lower  ambient  burning  rate.  This  statement  remains  to  be  confirmed.  But  the  results  are 
relevant  with  data  obtained  on  aluminium  rich  compositions  (85  %  solids)  in  which  the  ambient  burning 
rate  is  divided  by  a  factor  of  nearly  2  for  a  maintained  level  of  burning  rate  at  operational  pressure: 


Composition: 

Binder  HTPB/Butacene  50/50 

15% 

AP 

90  pm 

23% 

10  pm 

25% 

3  pm 

20% 

Aluminium 

17% 

Burning  rate  at  7  MPa 

44.8  mm/s 

Burning  rate  at  ambient  pressure 

3.8  mm/s 

Use  of  Potassium  Perchlorate  (K,P.) 

Attempts  to  find  a  better  compromise  between  the  burning  rates  at  operational  and  ambient  pressure 
have  conducted  to  the  evaluation  of  compositions  using  a  mix  of  A.P.  and  K.P.,  as  Potassium 
Perchlorate  is  well  known  to  give  high  burning  rate  at  operational  pressure.  Besides  a  better  behaviour 
at  IM  thermal  stimuli,  of  the  propellants  could  be  expected  in  relationship  with  the  high  temperature 
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Figure  4.  Typical  burning  rate/pressure  curve  for  a  85  %  A.P./AJ/Butacene  based  propellant 
(A.P.  55  pm  :  52  %  ;  A.P.  3pm  ;  22  %  ;  A.P.  1pm  ;  8  %) 


Ultrasonic  measurements:  2  tests  (oscillating  curves)  and  the  average  curve. 


Figure  5.  Burning  rate  of  A.P./K.P./Butacene  based  propellants  ;  (86  %  fillers) 


P  (MPa; 


Ultrasonic  measurements:  2  tests  for  each  composition 
—  Only  A.P.  oxidiser  (mix  of  90  pm  and  3  pm) 

*  Only  K.P.  oxidizer  (mix  of 250  pm  and  30  pm) 

Mix  of  A.P.  (10  and  3  pm)  and  ofK.P.  (250  pm) 


X 


of  decomposition  (610°C)  of  this  perchlorate  more  thermally  stable  than  the  Ammonium  Perchlorate. 
Propellants  which  contain  this  oxidiser  are  still  minimum  smoke  :  they  produce  Potassium  Chloride 
which  is  gaseous  at  the  temperature  of  the  exhaust  gas. 

Table  3  shows  the  results  obtained  on  86  %  of  solid  propellant  compositions  with  a  small  amount  of 
aluminium  (1  %).The  binder  has  the  same  composition  as  the  binder  used  in  the  propellants  reported  in 
the  above  paragraph  ;  it  contains  50  %  of  Butacene  as  burning  rate  catalyst. 

Table  3 

Burning  rate  of  A.P/K.P.  Butacene/HTPB  Reduced  Smoke  Propellants 


Grade  of  K.P.(%) 
(Mean  Diameter  in 
tun) 

250  110  30 

Grade  ofK.P.(%) 
(Mean  Diameter  in 
tun) 

90  10  3 

Burning 

rate* 

(7  MPa) 
mm/s 

Pressure 
exponent 
(10  to  30 
MPa) 

Burning  rate  * 
(Ambient 
Pressure) 
mm/s 

Friction 

Sensitivity 

N 

55 

30 

24.1 

0.76 

1.4 

120 

55 

30 

36 

0.36 

5.9 

50 

55 

30 

37.5 

0.35 

4.3 

65 

37 

20 

28 

42.2 

0.37 

5.0 

63 

55 

30 

39.8 

0.54 

4.2 

77 

35 

— 

20 

30 

51.1 

0.32 

3.6 

no 

35 

20 

30 

46 

0.38 

5.2 

58 

35 

20 

30 

46.1 

0.39 

3.1 

50 

*  Ultrasonic  and  Strand  Burner  measurements. 

When  K.P.  is  used  alone  (without  A.P.)  propellants  exhibit  a  limited  burning  rate  (roughly  25  mm/s), 
(the  size  of  K.P.  has  a  small  effect  on  the  burning  rate),  very  high  exponent  (0.7  to  0.8)  between  3  to  20 
MPa  (Fig  5).  and  attractive  safety  characteristics  ;  low  burning  rate  at  ambient  pressure  and  low 
sensitivity  at  friction.  These  results  have  induced  formulators  to  try  to  evaluate  compositions  with  a  mix 
of  A.P.  and  K.P.. Table  3  and  Fig  5  show  that  high  burning  rates  (45  to  50  mm/s  at  7  MPa)  can  be 
achieved  with  K.P.  when  mixed  with  fine  particles  of  A.P.  with  a  relatively  low  exponent  at  pressure 
above  10  MPa.  This  reduction  of  the  exponent  could  be  linked  with  the  presence  of  a  break  in  the 
burning  rate/pressure  curve  of  the  "only  A.P."  propellants  at  about  6  to  7  MPa.  The  combustion  seems 
to  be  piloted  by  the  couple  A.P./Butacene.  It  may  be  assumed  that  the  availability  of  higher  burning 
rates  with  A.P./K.P.  propellants  at  operational  pressure  is  due  to  the  addition  of  the  accelerating  effect 
of  ferrocene  catalysts  on  A.P.  in  a  partially  based  HTPB/K.P.  propellant  which  has  an  inherent  high 
burning  rate. 

Unfortunately  the  good  safety  characteristics  of  the  only  K.P.  based  propellants  are  not  totally  kept 
when  A.P.  is  added,  even  if  a  small  gain  may  be  expected  (the  data,  a  little  bit  scattered,  need  to  be 
confirmed,  mainly  in  friction). 

Ultra  high  burning  rates. 

To  achieve  ultra  high  burning  rates  it  is  necessary  : 

>  to  increase  the  amount  of  catalyst  in  the  binder  (with  the  risk  of  increase  the  sensitivity  of  the 
propellant,  but  since  the  application  considered  use  very  small  motors,  the  eventual  effects  are  reduced 
and  precautions  can  be  easily  taken  to  protect  workers  during  handling  of  the  propellant). 
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Table  4 

Ultra  high  burning  rate  Butacene  bases  Propellants 


Composition 
A.P/Al 
Grades  of 
A.P.  (%) 

Viscosity 
(end  of 
mix) 

(hPi) 

Bur 

at 

7 

ning  ra 
P(MP 

mm/s 

30 

te  * 
a) 

50 

Pressure 
exponent 
(3  to  50 
MPa) 

Friction 

sensitivity 

(N) 

Burning  rate* 
at  ambient 
pressure 

mm/s 

86/2  D/M3 

50 

58 

127 

145 

0.46 

41 

3.9 

87/1  D/M3 

46 

84 

146 

194 

0.43 

62 

9.4 

86/2  D/F/Ml 

44 

75 

129 

143 

0.33 

3.8 

64  Ml 

17 

90 

153 

192 

0.38 

160 

24 

*  Strand  burner  measurements 
D  :  Mean  diameter  90  pm 
M3  :  Mean  diameter  3  pm 
Ml  :  Mean  diameter  1  pm 

>•  and  to  take  benefit  of  the  burning  rate  increase  with  the  pressure  in  using  high  operational  pressure. 
The  very  high  pressures  are  not  suitable  for  the  conventional  motors  as  they  require  too  heavy  high 
pressure  resistant  vessels,  but  they  are  compatible  with  very  small  motors  like  thrusters  for  pyrotechnic 
devices.  Thus  compositions  have  been  tested  with  high  level  of  Butacene  (95  to  100  %  of  the 
prepolymer),  and  high  level  of  fine  particles  of  AP  The  main  results  are  reported  in  Table  4. 

Despite  a  high  content  of  AP  and  of  fine  particles  the  mix  of  these  compositions  is  relatively  easy.  They 
need  pressure  assistance  for  casting  and  moulding  of  perforated  grains.  The  burning  rates  obtained  at 
50  Map  comply  with  the  objectives  of  150  to  200  mm/s  and  the  pressure  exponent  is  low  for  a  such 
range  of  high  pressure.  As  expected  the  burning  rate  at  ambient  pressure  is  very  high  (incompatible  with 
conventional  motor  grains)  for  the  compositions  burning  the  most  rapidly.  It  should  be  noticed  the  ultra 
high  burning  rate,  at  operational  pressure  and  unfortunately  at  ambient  pressure,  of  the  last  composition 
of  table  4,  low  content  of  solid  (64  %  of  Ultra  Fine  AP  only).  Although  insensitive  to  fnction,  due  to 
the  high  level  of  binder,  this  composition  is  considered  too  hazardous  to  be  made  in  industrial 
conditions. 

2  -  HIGH  BURNING  RATE  HIGH  ENERGY  MINIMUM  SMOKE  PROPELLANTS 

Conventional  minimum  smoke  propellant  are  homogeneous  propellants  which  use  Nitro-cellulose  and 
nitrate  ester  plasticisers  such  as  nitro-glycerine.  The  main  types  are  E.D.B.  propellants  or  extruded 
double  base  propellants  and  C.D.B.  propellants,  or  cast  double  base  propellants.  High  burning  rates  can 
be  achieved  with  these  propellants  but  they  exhibit  some  handicaps  :  mechanical  properties 
incompatible  with  the  use  in  case  bonded  grain,  and  limited  specific  impulse.  The  increasing  demand  of 
more  energy  for  low  signature  solid  rocket  motor  has  conducted  to  the  development  of  new 
propellants.  They  are  based  on  the  energetic  binder  of  the  conventional  E.D.B.  and  C.D.B.  propellants 
modified  by  elastomeric  polymers  to  achieve  elastomeric  modulus  required  by  case  bonded  grains,  and 
Nitramine  fillers  to  meet  with  the  energy  requirements.  On  this  basis  SNPE,  in  France,  has  chosen  to 
develop  XLDB  propellants  which  use  the  slurry  process  of  the  composite  propellants  ;  the  main 
ingredients  of  the  binder  are  an  inert  hydroxyterminated  polyester  prepolymer  crosslinked  with  a 
polyisocyanate  and  plasticised  with  nitrate  ester  plasticisers.  The  Nitramine  fillers  RDX  or  HMX  used 
in  these  propellants,  which  bum  very  slowly  and  for  which  no  efficient  catalyst  has  been  found,  give  to 
the  propellant  an  inherent  low  burning  rate,  unsuitable  for  the  future  applications.  So  a  lot  of  studies 
have  been  performed  in  order  to  find  convenient  ways  to  achieve  the  required  level  of  burning  rate. 
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Use  of  burning  modifiers. 


On  the  basis  of  the  conventional  catalysts  of  the  homogeneous  propellant  a  solid  lead  catalyst  (called 
J.L.  in  this  document  for  restricted  information  reasons)  have  been  selected  and  developed.  It  is  now 
produced  at  full  scale  at  SNPE.  The  efficiency  of  this  catalyst  is  strongly  dependant  of  the  size  of  the 
particles,  fig  (6)  and  table  (5),  and  of  the  amount  of  catalyst  in  the  propellant  (table  6). 

Table  5 

Influence  of  the  size  of  the  catalyst  particles. 


Specific 

surface 

Mean 

diameter 

Burning  rate 
increase  at 

Pressure 

exponent 

(mVg) 

(urn) 

(mm/s) 

(mm/s) 

7  MPa  (%) 
(mm/s) 

5  to  15  Mpa 
(mm/s) 

No  catalyst 

/ 

4.6 

11 

0 

0.77 

0.2 

10.5 

4.4 

12.3 

-8 

0.80 

.3 

6.2 

6.2 

12.8 

+8 

0.62 

1.7 

1.7 

9.1 

15.3 

+68 

0.46 

9 

0.54 

9.3 

15.9 

+80 

0.48 

17.4 

0.45 

11 

17.5 

+103 

0.42 

Composition  :  Nitro-glycerine/Butanetrioltrinitrate  plasticised  polyester  binder/RDX  55  %. 
Strand-Burner  or  Ultrasonic  measurements. 

Coarse  particles  of  catalyst  are  roughly  inefficient.  But  the  diminution  of  the  particle  size  may  cause  a 
doubling  of  the  burning  rate  with  a  dramatic  reduction  of  the  pressure  exponent.  To  meet  full  scale 
production  reproducibility  of  the  characteristics  of  the  catalyst  a  specific  surface  of  9  to  10  mVg  is  a 
satisfying  compromise  (Fig  7). 


Table  6 

influence  of  the  amount  of  catalyst 


J.L.  Catalyst 

% 

Burning  rate 

5  MPa 
(mm/s) 

Burning  rate  15 

MPa 

(mm/s) 

Burning  rate 
increase  at 

7  MPa  (%) 

Burning  rate 
increase  at 

15  MPa  (%) 

Pressure 

exponent 

5  to  15  MPa 

0 

4.6 

11 

Ref 

2 

6.9 

17.8 

96 

45 

0.6 

3 

12.2 

19.1 

130 

55 

0.4 

4 

13 

19.4 

146 

58 

0.35 

Composition  :  Nitro-glycerine/Butanetrioltrinitrate  plasticised  polyester  binder/RDX  50  % 

Ultrasonic  measurements. 

As  expected  the  results  reported  in  table  6  show  the  increasing  effect  of  a  increasing  amount  of  the 
catalyst.  The  extent  of  this  effect  decreases  at  high  pressure.  At  pressures  above  20  MPa  the  effect  is 
negligible.  These  results  are  totally  consistent  with  the  effects  of  this  type  of  catalyst  in  double  base 
propellants  in  which  an  overbuming  rate  is  created  at  medium  range  of  pressure  with  a  low  pressure 
exponent.  On  the  contrary,  since  the  burning  rate  at  low  and  high  pressures  has  the  same  values  as  the 
burning  rate  of  the  basic  composition  without  catalyst  the  pressure  exponent  becomes  very  high  at  these 
pressures. 
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Figure  6.  Effect  of  the  particle  size  of  the  J.L.  catalyst  on  a  conventional  XLDB  propellant 


Rb 


Ultra  sonic  measurements 

—  Ref:  Polyester  binder  without  catalyst/RDX  55  % 

—  4  %  of  catalyst  (0.2  mVg) 

**  4%  of  catalyst  (0.3  mVg) 

-H-  4  %  of  catalyst  (1.7  mVg) 

0-0-  4%  of  catalyst  (9  mVg) 

XX  4%  of  catalyst  (17.4  mVg) 


Figure  7.  Micrography  of  J.L.  Catalyst  (10  mVg) 
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Effect  of  carbon  black  particles. 


Due  to  the  similarity  of  the  mechanism  of  action  of  this  catalyst  in  XLDB  propellants  and  in  double 
base  propellants  it  can  be  expected  an  additional  increase  of  the  burning  rate  with  the  addition  of  Fine 
Carbon  Black  particles  with  a  very  high  Specific  Surface.  Table  7  shows  that  this  effect  exists  only  in 
the  case  of  Ultra  Fine  Carbon  Black  particles  (Specific  Surface  of  130  mVg),  but  the  burning  rate 
increase  is  small  (1  mm/s)  on  the  whole  range  of  tested  pressure. 

Table  7 

Effect  of  ultra  fine  carbon  black 


Carbon 
black  % 

Specific 

surface 

mVg 

Bun 

5 

ling  rate  (m 

10 

m/s)  at  P  (^ 

15 

IPa) 

20 

Pressure 

exponent 

0 

13 

16.8 

19.4 

21.9 

0.30 

1 

70 

13 

16.9 

19.4 

21.9 

0.30 

1 

131 

13.9 

17.5 

19.9 

22.8 

0.31 

Ultrasonic  measurements 

Composition  ;  Nitro-glycerine/Butanetrioltrinitrate  plasticised  polyester  binder/RDX  50  %  ;  J.L. 
catalyst  4  %. 

Effect  of  the  nature  of  the  Nitrate  ester  plasticiser. 

All  the  previous  results  have  been  obtained  with  high  energetic  compositions  with  RDX,  or  better, 
HMX  as  energetic  filler  and  a  binder  rich  in  nitro-glycerine.  But  to  meet  the  I.M.  requirements,  mainly 
in  case  of  shock  aggression,  it  is  necessary  to  remove  nitro-glycerine  from  the  binder.  So  a  lot  of 
formulations  have  been  realised  with  a  mix  of  Trimethyloltrinitrate  and  Butanetrioltrinitrate  as  energetic 
plasticisers  of  polyester  binder.  This  change  induces  dramatic  changes  in  the  properties  of  the 
propellants  (table  8) : 

-  Reduced  level  of  energy:  6s  of  loss  in  specific  impulse 

-  Lower  burning  rate:  about  30  %  at  7  Mpa  and  a  slight  increase  of  pressure  exponent, 

-  And  as  expected  a  strongly  enhanced  behaviour  at  the  High  Velocity  Shot  Gun  Test. 

Table  8 

main  effects  of  the  nature  of  the  energetic  plasticiser. 


Plasticiser 

Is  70/1  (s) 
(theoretical) 

Burning  rate 

7  MPa 
(mm/s) 

Pressure 

exponent 

Critical  impact 
Velocity  ^Q)T 
(m/s) 

NG/BTTN 

244.5 

13.5 

0.34 

480 

TMETN/BTTN 

238.5 

10.8 

0.46 

800 

Composition  :  Energetic  binder  33  %/Filler  63  %/J.L.  Catalyst  4  %. 

The  Velocity  Limit  at  which  the  XDT  appears  is  nearly  doubled.  The  very  high  values  reached  should 
warrant  an  acceptable  behaviour  (combustion)  in  bullet  impact  test  on  a  tactical  motor. 

Despite  having  low  burning  rate  these  compositions  with  low  sensitive  plasticisers  are  attractive  due  to 
their  good  behaviour  in  IM  testing,  thermal  or  impact  aggressions.  So  they  have  been  largely  developed 
and  tested  in  generic  motors.  In  the  table  (9)  are  given  some  results  obtained  at  various  temperatures  in 
Bates  3 "5  motors. 
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Table  9 

Temperature  Sensitivity 


A^/A, 

P(MPa) 

Temperature  sensitivity 

VoPC 

-  46  to  +  20 

+  20  to  +  65 

225 

6.8 

0.16 

0.19 

300 

10.5 

0.17 

0,16 

420 

17.2 

0.21 

0.31 

Bates  3  ”5  measurements. 

Ab/Ai :  ratio  of  Propellant  Combustion  Area/Throttle  Area. 

Partial  conclusions 

The  above  mentioned  results  show  that  high  burning  rates  required  for  the  future  I.M.  minimum 
signature  rocket  motors  cannot  be  reached  by  the  only  use  of  conventional  solutions.  The  only  hope 
today,  in  the  absence  of  efficient  catalysts  for  RDX  or  HMX  decomposition,  is  to  find  new  energetic 
binder  or/and  fillers  with  high  inherent  burning  rates.  Some  preliminary  results  obtained  at  SNPE 
Research  Centre  are  presented  hereinafter. 

Use  of  GAP 

GAP  Prepolymer 

GAP  (fig  8)  is  based  on  a  non  oxidiser  (less  sensitive  than  NO2  groups)  azide  group,  but  very  energetic 
due  to  its  high  enthalpy  of  formation.  SNPE®  is  since  1990  licensed  from  Rocketdyne  for  production 
and  selling  of  GAP  in  Europe.  Today  more  than  2 1  of  GAP  have  been  produced  by  batch  of  150  kg  in  a 
pilot  plant  in  Sorgues  SNPE's  facility  near  Avignon. 

Figure  8.  GAP  Prepolymer 


H-(OCH-CH2)p-R-(CH2-CHO).-H 
I  I 

CH2N3  CH2N3 


A  particularity  of  this  prepolymer  is  a  fast  burning  rate  by  itself  when  ignited  at  ambient  pressure  and 
temperature.  A  burning  rate  increase  of  the  propellant  made  of  is  eventually  expected.  Table  (10) 
exhibits  some  results  which  demonstrate  (in  an  “a  priori"  IM  composition  since  it  uses  low  sensitive 
plasticisers),  the  efficiency  of  GAP  based  binders  (Is  :  +  3s  and  16  %  or  burning  rate  increase  at  15 
MPa)  and  also  an  additional  effect  of  the  J.L.  catalyst. 

But  this  burning  rate  remains  too  low  for  our  objectives.  So  some  experiments  are  under  way  to  test 
new  energetic  fillers. 

Use  of  CL  20. 

CL  20  is  a  new  energetic  oxidiser  in  development  in  many  Countries.  The  most  dense  grade  (e)  is 
produced  at  SNPE  in  a  pilot  plant  (25  Kg/batch)  in  Sorgues  near  Avignon.  It  is  a  very  powerful 
oxidiser  with  safety  characteristics  still  no  completely  satisfying,  comparable  with  the  most  sensitive 
grades  of  HMX  or  RDX.  Some  first  trials  have  been  carried  out  in  order  to  assess  the  achievable 
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burning  rates  in  polyester  and  GAP  binders  based  propellants.  It  is  impossible  at  the  time  to  tell  if  this 
type  of  propellant  might  comply  with  the  IM  requirements.  But  the  energetic  characteristics  (Is  10  s 
above  the  most  energetic  IM  Compositions)  and  the  burning  rate  are  very  promising,  as  shown 
hereinafter. 

Table  10 

Burning  rate  of  RDX/GAP  binder  propellants. 


Composition 

% 

J.L.  catalyst 
% 

Burning  rate 

Pressure  exponent 

5  to  15  MPa 

at  7  Mpa 
mm/s 

at  1 5  Mpa 
mm/s 

increase  at 

15  Mpa  (%) 

_ 

Ref 

4 

10.8 

15.5 

0.46 

GAP  binder* 

3 

12.1 

17.6 

0.46 

GAP 

binder** 

4 

14 

18 

0.40 

Plasticisers ;  BTTN/TMETN 

Ref  ;  RDX  63  %,  Is  :  238  s 

GAP  binder  compositions  :  RDX  60  %,  Is  ;  241.5  s 

*  Ultrasonic  Results 

**  Firing  tests  in  Bates  3 "5 

Results  of  table  (1 1)  and  Fig  9  and  10  indicate  a  strong  effect  on  the  burning  rate  of  the  use  of  CL20  as 
the  only  oxidiser  instead  of  HMX. 


Table  11 

Burning  rate  of  CL20  propellants 


Composition 

Filler 

Burning 

modifiers 

Burning  rate 

at  15  MPa 
mm/s 

m 

Pressure  exponent 

5  to  15  MPa 

Polyester 

binder 

HMX 

No 

6 

11 

Ref 

0.89 

Polyester 

binder 

CL  20 

No 

11.5 

23 

132 

0.92 

GAP  binder 

HMX 

No 

7.2 

13.6 

24 

0.91 

GAP  binder 

CL20* 

No 

13.4 

27.2 

147 

0.94 

No 

10.0 

26.0 

136 

0.95 

GAP  binder 

CL20 

J.L.  +  Carbon 
black 

17 

29.6 

169 

0.52 

(1  to  9  Mpa) 
0.84 

(9  to  30  Map) 

Strand  Burner  or  Ultrasonic  measurements 
*  2  lots  of  CL  20  (2  batches) 

CL  20  Particles  size  :  mix  of  150  pm  and  50  pm 
Theoretical  Is  (70/1)  of  the  GAP/CL  20  Compositions  :  249  s 
Density  of  the  GAP/CL  20  Compositions  ;  1.78  to  1.81.g/cm^ 
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Figure  9.  Burning  rate  of  no  catalysed  Polyester  XLDB  Propellants 
Rb 


Strand  burner  measurements 
XX  HMX  60  % 

00  CL20  60  % 


Figure  10.  Burning  rate  of  GAP  XLDB  propellants 


Strand  burner  measurements 
**  Ref  GAP/HMX  60  % 

00  GAP/CL20  60  %  Lot  725 
XX  GAP/CL20  60  %  Lot  80 1 
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But  the  pressure  exponent  of  this  no  catalysed  compositions  are  too  much  high  for  any  application. 
Fortunately  the  same  catalysts  systems  used  in  the  more  conventional  compositions  are  very  effective  at 
low  pressure,  since  the  pressure  exponent  is  lowered  till  nearly  0.5  under  10  MPa  (last  composition  of 
the  table  1 1  and  Fig  1 1).  It  should  be  improved  at  high  pressure,  between  10  and  30  MPa,  in  the  next 
future,  by  a  optimisation  of  the  catalysts  and  a  necessary  adaptation  of  the  particles  size  and  shape.  But 
a  major  concern  will  remain  to  solve  ;  what  should  be  the  compromise  between  the  energetic 
performance  and  the  IM  characteristics  ?. 

3  -  CONCLUSION 

As  it  has  been  shown,  the  objectives  of  high  burning  rate  required  by  the  low  signature  future  motors 
for  tactical  applications  could  be  reached  with  the  new  propellants  under  development  at  SNPE. 

In  reduced  smoke  composite  propellant  the  association  of  Butacene  prepolymer  with  Fine  or  Ultra  Fine 
A.P.  is  an  attractive  solution.  For  the  highest  burning  rate  the  violence  of  the  combustion  in  case  of 
accidental  ignition  (  a  potential  event  since  these  propellants  are  friction  sensitive)  at  ambient  pressure 
may  be  a  big  concern  for  the  present  workers.  If  solutions  cannot  be  found  to  protect  people  efficiently, 
compositions  with  a  combination  of  A.P.  and  K.P.  as  main  oxidisers  in  a  Butacene  based  binder  could 
be  an  other  good  way. 

In  minimum  smoke  propellant  the  conventional  catalysts  used  in  the  double  base  propellant  are  not 
sufficient  to  reach  the  objectives  of  burning  rate,  and  the  task  is  complicated  by  the  necessity  to  comply 
with  the  IM  requirements,  which  oblige  to  use  low  sensitive  energetic  plasticisers.  Solutions  must  be 
sought  in  the  new  energetic  molecules  such  as  GAP  prepolymer  and  mainly  CL20  which  bum  by 
themselves  very  rapidly  and  allow  to  reach  high  performance.  But  a  necessary  compromise  with  IM 
requirements  remains  also  to  be  found. 
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ABSTRACT:  The  ignition  characterization  of  a  natramine  minimum  smoke  HMX/AP/PPE  propellant 
and  an  AP/HTPB  propellant  have  been  analyzed  experimentally  by  a  CO2  laser  generator  and  a  Kodak 
Ektapro  motion  analysis  workstation  in  this  paper.  Experiment  results  show  that  the  ignition  delay 
time,  initial  ignition  flame  structure  and  the  steady  combustion  flame  structure  of  the  minimum  smoke 
propellant  are  quite  different  from  those  of  the  AP/HTPB  propellant.  The  results  also  indicate  that  the 
increasing  of  heat  flux  or  ambient  pressure  lowered  the  ignition  delay  time. 


INTRODUCTION 

Nitramine  composite  propellant  is  a  kind  of  energetic  material  with  high  energy  and  reduced  smoke. 
The  propellant  ignition  characterization  are  somewhat  different  from  the  HTPB  propellant.  Therefore, 
the  study  of  its  ignition  and  combustion  characterization  is  helpful  in  the  study  of  its  chemical  kinetics 
mechanism. 

McCarty  et  al  studied  the  effects  of  solid  loading  percentage  and  HMX  particle  size  on  the  behavior  of 
nitramine  propellants.  Kubota  Cohen-Nir  and  Kuo  studied  the  combustion  of  HMX  containing 
propellant  These  research  achievements  have  been  reviewed  by  Boggs  and  Fifer  in  reference\ 
However,  some  details  of  the  propellant  ignition  process  are  still  unknown,  such  as  the  thermal 
pyrolysis,  flame  initiation  and  structure  of  the  reaction  zone. 

The  CO2  laser  was  widely  used  in  propellant  radiative  ignition  investigation  due  to  its  significant 
advantages^.  Ohlemiller  and  Summerfield^  performed  early  studies  on  laser  ignition  behavior  of 
polymeric  fuels.  DeLuca  et  al"^'^  examined  the  radiative  ignition  characterization  of  several  propellants 
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including  HMX  containing  composite  propellant,  AP  propellant  and  double  base  propellant. 
Kashiwagi^^  employed  a  CO2  laser  generator  in  the  study  of  PMMA  ignition. 

Ignition  behavior  of  a  HMX-based  minimum  smoke  composite  propellant  and  a  HTPB/AP  propellant 
have  been  analyzed  experimentally  by  a  CO2  laser  generator  in  this  paper.  The  ignition  process  of  the 
two  propellants  was  recorded  by  a  set  of  Kodak  Ektapro  high  speed  motion  analysis  workstation.  The 
ignition  delay  time  of  the  two  propellants  at  different  ambient  pressure  was  also  measured. 


EXPERIMENTATION 

The  experimentation  of  this  paper  consists  of  an  experiment  chamber,  a  CO2  laser  generator  and  a  set 
of  Kodak  Ektapro  motion  analysis  workstation.  Figure  1  shows  the  diagram  of  the  experimentation. 


1— laser  2— shutter  3--grating  4— uniform  device  5— germanium  lens 
6— pressure  gauge  7— propellant  sample  8--semiconductor  refrigerator 
9— experimental  chamber  10--oscilloscope  1 1 --photodiode  12— exhaust 
13-Kodak  Ektapro  motion  analysis  workstation  14—  gas  supply 

Figure  1.  Diagram  of  Experimentation 


The  light  path  of  the  laser  consists  of  a  shutter  for  adjusting  propellant  sample  expose  time,  two 
gratings  for  adjusting  the  light  spot  diameter  and  a  special  spinning  device,  which  revolves  at  a  speed 
of  25  rounds  a  second,  to  assure  a  uniform  heat  flux  on  the  propellant  sample  surface. 

The  maximum  power  of  the  continuous  wave  CO2  laser,  used  as  ignition  source  in  this  study,  is  40W. 
The  wave  length  is  10.6um.  The  power  is  also  adjustable.  The  laser  power  can  be  measured  in  the 
experiments. 
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The  experiment  chamber,  shown  in  figure  2,  has  two  plexiglass  windows,  one  is  for  the  video  camera 
to  take  pictures,  the  other  is  for  a  monochrometer  and  an  oscilloscope  to  measure  the  ignition  delay 
time.  It  also  has  a  germanium  lens  window  for  concentrating  the  CO2  laser.  Only  air  is  used  in  this 
study,  though  the  pressure,  temperature  and  the  ambient  atmosphere  inside  the  chamber  are  adjustable. 
The  ignition  heat  flux  can  be  controlled  and  predicted  by  changing  the  position  of  the  sample  holder, 
because  the  position  of  propellant  sample  determines  the  distance  between  the  propellant  sample  and 
the  germanium  lens,  this  distance  affects  the  diameter  of  the  light  spot  on  the  propellant  sample,  which 
is  related  to  the  heat  flux  on  the  propellant. 


Figure  2.  The  experiment  chamber 


In  the  previous  study,  we  measured  the  ignition  delay  time  by  measuring  the  temperature  of  micro¬ 
thermocouples  imbedded  in  the  propellant  samples,  however,  in  this  study,  we  define  it  as  the  light 
emission  time  that  self-sustained  combustion  can  be  maintained.  When  the  propellant  is  ignited,  the 
photodiode  in  the  chamber  senses  the  light  emission,  the  laser  was  cut  off  when  photodiode  signals 
were  strong  enough,  for  example,  three  times  greater  than  the  average  background  level. 

A  Kodak  Ektapro  motion  analysis  workstation  was  also  employed  in  this  study,  this  high  speed 
motion  analyzer  can  record  1000  images  per  second,  the  information  of  the  taken  images  can  be  also 
processed  by  the  workstation.  Thus,  we  can  analyze  the  propellant  ignition  characterization  more 
clearly  and  conveniently. 

The  ingredients  of  the  two  kinds  of  propellant  samples  used  in  this  study  are  shown  in  Table  1.  PPE  is 
the  plasticized  polyether  binder  system.  The  propellant  samples  were  glued  on  the  chamber  sample 
holder. 
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TABLE  1 


Ingradicnts  of  Test  Propellants 

HTPB/AP  Propellant  %  HMX/AP/PPE  Propellant  % 

"AP  HTPB  Al  AP  HMX  PPE  aT 

70  13.5  16.5  15  44  24.5  16.5 


RESULTS  AND  DISCUSSION 

It  is  generally  regarded  that  HMX  melt  with  the  binder  in  propellant  surface,  its  pyrolysis  gaseous 
products  are  NO2,  N2O,  NO  and  CH2O.  The  temperature  of  the  propellant  surface  increases  sharply  as 
a  result  of  the  exothermic  reactions  induced  by  NO2  and  CH2O.  Consequently,  oxidizing  reactions 
took  place,  the  temperature  increases  slowly  to  a  certain  level,  then  a  luminous  flame  appears.  The 
location  of  flame  is  dependent  on  ambient  pressure. 


Flame  Observation 

A  series  of  images  of  the  propellant  have  been  taken  during  ignition  process  by  the  Kodak  Ektapro 
motion  analysis  workstation.  Figure  3  shows  the  typical  pictures.  Different  locations  and  different 
shapes  of  luminous  flames  have  been  observed.  Firstly,  a  rather  weak  flame  appears  in  the  gas  phase 
distant  from  the  sample  surface  (Figure  3a).  The  flame  becomes  larger  and  brighter,  and  moves  slowly 
toward  the  propellant  surface.  Meanwhile,  the  luminosity  of  the  propellant  surface  increases.  This 
implies  that  there  are  some  chemical  reactions  on  the  propellant  surface.  The  products  of  these 
reactions  interact  continuously  in  the  gas  phase.  (Figure  3b),  The  ejection  of  HMX  particles  have  also 
been  observed  in  this  study  (Figure  3c). 


Ignition  Delay  Time 

The  ignition  delay  time  of  the  two  kinds  of  propellant  samples  at  different  ambient  pressure  and 
different  radiative  heat  flux  have  been  measured  in  this  study.  A  negative  ambient  pressure  was 
selected  to  investigate  the  gas  phase  effects.  The  results  are  shown  in  Figure  4  and  Figure  5 
respectively. 

The  ignition  characterization  of  the  two  propellants  show  the  same  tendency.  A  decrease  of  ambient 
pressure  leads  to  an  increase  of  ignition  delay  time,  and  a  decrease  of  radiative  heat  flux  leads  to  an 
increase  of  ignition  delay  time.  We  can  see  that  the  ignition  delay  time  of  the  two  propellants  is 
different  in  lower  pressure  and  lower  heat  flux.  The  results  indicates  that  the  effects  of  ambient 
pressure  on  HMX  propellant  are  greater  than  those  on  AP  propellant.  The  difference  lessens  when 
pressure  or  heat  flux  increases.  Figure  4  also  implies  that  the  ignition  energy  of  HMX  propellant  is 
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HMX/AP/PPE  propellant  AP/HTPB  propellant 

a)  Initial  ignition  flame  structure 


HMX/AP/PPE  propellant  AP/HTPB  propellant 

b)  Ignition  flame  structure 


HMX/AP/PPE  propellant  AP/HTPB  propellant 

c)  Steady  flame  structure 


Figure  3.  Ignition  and  combustion  flame  of  the  experiment  propellants 
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greater  than  that  of  the  AP  propellant.  De  Luca'*  reported  the  same  tendency.  He  found  that  HMX 
propellant  was  the  most  difficult  to  ignite,  then  AP  propellant,  then  double  base  propellant. 


F/MPa 


Q/Kw/m2 


Figure  4.  Effects  of  ambient  pressure 
on  ignition  delay  time 


Figure  5.  Effects  of  ignition  heat  flux 
on  ignition  delay  time 


The  decomposition  reactive  energy  of  HMX  is  generally  regarded  greater  than  that  of  the  AP,  The 
decomposition  temperature  of  HMX  is  also  greater  than  that  of  AP,  Moreover,  The  decomposition 
products  of  HMX  propellant  are  oxidizer-poor.  The  oxidizer  density  of  AP  propellant  in  the  gas  phase 
is  higher  than  that  of  the  HMX  propellant.  Roller  et  al*  found  that  the  LOVA  propellants  can  be 
ignited  more  effectively  using  oxidizer-rich  ignition  materials.  If  the  ambient  pressure  is  not  high 
enough,  the  oxidizer  gas  will  not  concentrate  adequately.  These  are  some  of  the  reasons  why  HMX 
propellant  ignites  with  difficulty.  It  also  reminds  us  that  an  oxidizer-rich  ignition  charge  and  a  higher 
critical  pressure  should  be  taken  into  account  in  nitramine  propellant  rocket  motor  designing. 

It  is  generally  regarded  that  the  ignition  characterization  of  energetic  plasticizer  containing  propellants 
varies  with  ambient  oxygen  density  much  strongly.  The  HMX  propellant  used  in  this  study  contains 
considerable  energetic  plasticizer.  This  is  why  the  test  propellant  relies  on  the  gas  phase  strongly 
during  ignition  process  in  this  study. 


CONCLUSION 

The  flame  structure  and  ignition  delay  time  of  a  kind  of  HMX  minimum  smoke  propellant  have  been 
studied  in  this  paper.  We  can  draw  the  following  conclusions  from  the  experiment  results.  First,  the 
ignition  of  HMX  propellant  is  more  difficult  than  that  of  the  AP/HTPB  propellant.  Secondly,  the 
ignition  characterization  of  the  HMX  propellant  studied  is  strongly  affected  by  ignition  heat  flux  and 
ambient  pressure.  This  study  also  proves  that  the  Kodak  Ektapro  motion  analysis  workstation  is  a 
very  useful  tool  in  solid  propellant  combustion  diagnostics. 
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Abstract 

In  this  study  we  present  a  one-dimensional  model  that  describes  the  ignition  of  solid  propellant 
by  a  hot  gas  resulting  from  the  mixing  of  a  plasma  jet  with  the  air  initially  present  in  the  combustion 
chamber.  This  model  provides  information  about  the  ignition  process,  such  as  the  ignition  delay 
and  the  effect  the  physical  properties  of  the  ignition  stimulus  have  on  it. 

Our  model  is  based  on  a  solid  phase  (thermal)  model  for  ignition.  The  solid  phase  theory  of 
propellant  ignition  is  mostly  successful  in  situations  where  the  propellant  is  exposed  to  a  strong  flux 
of  energy,  and  the  velocity  of  the  heating  stimulus  is  high.  Plasma  ignition  is  such  a  situation. 

The  main  conclusions  that  emerge  from  our  study  are  the  following:  (i)  Propellant  ignition 
begins  when  the  plasma  energy  and  mass  (partial  density)  in  the  combustion  chamber  reache  values 
that  change  only  slightly  with  the  level  of  input  power  density,  (ii)  The  ignition  time  delay  is  mostly 
sensitive  to  the  value  of  the  plasma  temperature  at  the  capillary  exit,  and  to  a  smaller  extent  to  its 
exit  velocity,  (iii)  For  low  velocities  of  the  ignition  stimulus,  the  radiative  flux  of  energy  is  always 
the  main  factor  leading  to  ignition.  However,  during  the  early  moments  of  propellant  heating, 
the  convective  energy  flux  is  larger  than  the  radiative  one.  The  convective  energy  flux  plays  the 
role  of  a  "’pre-heating”  factor.  At  higher  velocities  and  for  small  values  of  the  density  of  input 
energy,  the  convective  energy  flux  can  overcome  the  radiative  one.  (iv)  The  penetration  depth  of 
the  heat  wave  into  the  propellant  is  very  small  up  to  ignition  onset.  It  is  larger  for  longer  ignition 
time  delays  obtained  with  lower  input  powers,  (v)  Semi-quantitative  agreement  with  experimental 
measurements  was  found. 
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Nomenclature 


C-. 

n 

‘-'p 


Ea 


!  ^OOl 


Ao 

I  ^pl ' 


1  "^pi  1  ^^mix 


P 

Qexti  Qconvi  ^Irad 

Q,Qc 

R 


t 

u 

X 


Z 

S 

€ 

Pi  Pmix 
O'SB 

POOi  Pmix 


Specific  heat  of  the  propellant  and  igniting  mixture  (c=  1.465  kJ/kg/K) 

effective  diameter  of  the  propellant  grain  (=  7 

activation  energy  for  the  chemical  reaction  (  =  1.67  lO^J/mole) 

thermal  conductivity  of  propellant,  neutral  gas.  and  mixture 

{k  =  0.314  J/m  K  sec  ,  ^’oo  =  2.68  10““  J/m  K  sec) 

pre-exponential  Arrhenius  factor  (A'oQ=1.77  10"'’  J/kg  sec) 

mass  of  the  neutral  gas,  plasma  and  mixture  respectively 

(rupi  =8.36  10--'kg,  m^o=49  10--‘kg) 

number  of  density  of  the  neutral  gas,  plasma  and  mixture  respectively 

(n^o=2.46  10"^m“^) 

igniting  mixture  pressure  (Pa) 

external,  convective  and  radiative  fluxes  of  energy,  respectively 

chemical  reaction  heat  per  unit  volume,  and  rate  of  chemical  heat  production 

universal  gas  constant  {=  8.31  J/mol,K) 

initial,  propellant,  plasma  and  mixture  temperature  respectively  (To  =  300  K) 

time  variable  (sec) 

igniting  mixture  velocity  (m/s) 

space  variable  (m) 

plasma  ionization  degree 

heat  penetration  length  (m) 

emissivity  factor 

propellant  and  igniting  mixture  densities  respectively  (p  =  1.6  10^  kg/m^) 
Stefan-Boltzmann  radiative  constant  (5.67  10“®  W/m'K'^) 

the  neutral  gas  and  igniting  mixture  viscosity  coeflficients  (poo=2.58  10“'’  kg/m. sec) 
dimensionless  time  variable 


1  Introduction 

During  the  last  decade  a  sustained  research  effort  has  been  made  in  order  to  prove  that  plasma  can 
be  successfully  used  for  accelerating  projectiles  to  velocities  larger  than  those  reached  with  conventional 
devices  and  methods.  One  of  the  most  promising  propulsion  concept,  based  on  the  use  of  a  plasma 
source,  is  the  solid  propellant  electrothermal  chemical  (SPETC)  technology.  The  SPETC  technology 
uses  plasma  as  an  additional  source  of  energy  for  igniting  a  solid  chemical  propellant.  It  is  also 
expected  that,  depending  on  the  plasma  thermodynamical  and  hydro  dynamical  properties,  and  on 
the  duration  of  the  plasma  injection,  the  combustion  process  of  the  propellant  can  be  controlled  and 
enhanced. 

The  source  of  plasma  generally  used  is  a  capillary  built  from  a  plastic  material.  At  its  closed 
end  there  is  an  anode  and  at  the  open  end,  a  cathode.  By  applying  a  high  energy  (power)  electrical 
pulse  to  this  device,  we  get  a  high  density  flux  of  plasma  characterized  by  temperatures  of  up  to  oeV 
and  velocities  of  more  than  lOkm/sec.  The  pressure  inside  the  capillary  can  reach  values  larger  than 
Tkbar.  The  plasma  results  from  the  capillary  material  ablation,  and  from  subsequent  ionization  by 
the  mainly  radiative  flux  of  energy  reaching  its  walls  [T9].  A  schematic  drawing  of  a  SPETC  gun  is 
shown  in  Figure  1. 


Fig.l  ;  Schematic  drawing  of  A  SPETC  gun. 
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Recently  many  efforts  have  been  devoted  to  building  models  able  to  simulate  the  internal  ballis¬ 
tics  of  SPETC  guns,  and  to  clarify  the  role  of  the  plasma  in  changing  the  propulsion  characteristics 
[10-16].  In  [161  the  first  experimental  evaluations  of  the  discharge  process,  ablative  plasma  param¬ 
eters.  logeiher  with  some  data  concerning  the  propellant  combustion  (the  pressure  variation  in  the 
combustion  chamber  of  the  experimental  facility  and  the  burning  rate)  are  presented. 

In  order  to  use  the  plasma  source  for  better  control  of  the  propulsion  processes,  and  to  increase 
gun  performances,  one  needs  to  investigate  in  greater  detail  the  effect  of  the  plasma  on  the  ignition 
and  combustion  processes  of  solid  propellant. 

Until  now.  we  have  used  the  term  ’’plasma’  for  the  presumed  ignition  factor  in  the  SPETC  process. 
Let  us  be  more  specific  on  this  point.  In  the  experiment  reported  in  [16]  the  ignition  of  the  propellant 
is  directly  caused  by  the  plasma  jet  generated  in  the  capillary.  In  this  case  the  initial  pressure  in 
the  combustion  chamber  is  rather  low  and  the  propellant  sample  is  positioned  in  the  near  vicinity  of 
the  plasma  source.  Therefore  the  propellant  is  directly  exposed  to  the  plasma  flux.  However, in  real 
cases  the  situation  is  rather  different  and  certainly  more  complex.  The  plasma  leaving  the  capillary 
enters  initially  into  an  ’’ullage  tube”  [13]  (placed  in  the  center  of  the  combustion  chamber).  This  tube 
allows  the  plasma  to  propagate  through  the  propellant  bed  in  the  combustion  chamber.  The  initial 
pressure  in  the  combustion  chamber  is  atmospheric.  Therefore,  even  for  very  high  energy  discharges, 
the  mass  of  plasma  leaving  the  capillary  will  be  only  a  small  fraction  of  that  of  the  gas  surrounding  the 
propellant.  This  will  be  especially  true  up  to  propellant  ignition.  It  is  therefore  reasonable  to  assume 
that,  in  realistic  situations,  the  propellant  is  not  ignited  directly  by  the  plasma  leaving  the  capillary, 
but  rather  by  a  ’’mixture”  of  the  neutral  gas  initially  present  in  the  combustion  chamber  and  the 
plcLsma.  It  is  expected  that  this  ’’mixture”  will  have  thermodynamical  and  hydrodynamical  properties 
different  from  those  of  the  plasma  at  the  capillary  exit.  A  method  of  evaluating  these  characteristics 
has  to  be  used  in  order  to  describe  the  ignition  process  correctly  . 

In  this  study  we  present  a  model  able  to  describe  the  ignition  of  solid  propellant  by  an  ionized 
gas.  This  model  provides  ignition  process  data,  such  as  the  ignition  delay  and  the  effect  the  physical 
properties  of  the  ignition  stimulus  have  on  the  ignition  delay. 

Since  the  plasma  flow  is  quasi-stationary  [1,9],  the  plasma  parameters  generally  change  little  inside 
the  capillary  and  at  its  exit,  their  temporal  dependence  presenting  extended  plateaux.  This,  of  course, 
will  not  be  true  for  the  ’’mixture”  of  neutral  gas  and  plasma  in  the  combustion  chamber,  the  properties 
of  which  win  probably  change  quite  rapidly,  depending  on  the  mass  of  plasma  leaving  the  capillary 
and  its  thermodynamical  and  hydrodynamical  properties.  In  the  frame  of  the  present  model,  we  will 
assume  that  the  time  of  the  mixing  of  the  plasma  and  the  air  is  much  smaller  than  the  ignition  time 
delay.  Time  dependent  expressions  of  the  density,  temperature,  specific  heat,  molar  mass,  coefficient 
of  thermal  conductivity  and  coefficient  of  viscosity  of  the  igniting  mixture  will  be  briefly  presented. 

The  paper  is  organized  as  follows:  in  Section  2,  we  present  the  main  assumptions  and  model 
equations;  in  Section  3  we  present  and  analyze  a  selection  of  the  results  obtained  by  solving  the  set  of 
equations  of  the  model;  in  Section  4  we  summarize  the  main  conclusions. 

2  Assumptions  and  Model  Equations 

The  solid  phase  (thermal)  ignition  theory  of  solid  propellants  deals  with  phenomena  that  can 
be  described  by  considering  heat  release  and  propagation  only,  without  talcing  diffusion  factors  into 
account.  Experimental  results  supporting  the  use  of  the  solid  phase  ignition  theory  for  our  problem 
can  be  found  in  Ref.  (17). 

Our  model  equations  are  built  in  the  frame  of  this  theory  on  the  basis  of  the  following  assumptions: 

(a)  The  propellant  is  heated  by  convective  and  radiative  fluxes  of  energy  coming  from  the  hot 
igniting  gas  mixture. 

(b)  The  propellant  is  treated  as  a  homogeneous,  semi-infinite  slab  of  material 

(c)  The  propeUant  and  the  surrounding  gas  are  initially  at  thermal  equilibrium. 
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(d)  The  thermophysical  properties  of  the  propellant  (the  thermal  conductivity,  specific  heat 
and  density)  are  not  temperature  dependent. 

(e)  The  activation  energy  and  the  heat  of  reaction  are  also  temperature  independent. 

(f)  Except  for  an  exothermic  chemical  reaction  of  zero  order  there  are  no  volume  energy  sources 
in  the  propellant  which  is  externally  heated  only  through  its  surface. 

(g)  The  chemical  reaction  resulting  in  the  propellant  ignition  takes  place  in  a  thin  heated 
subsurface  layer.  The  thickness  of  the  heated  layer  is  considerably  less  than  any  spatial 
dimension  of  the  propellant. 

(h)  Negligible  propellant  surface  regression  occurs  up  to  the  ignition  moment. 

(i)  The  propellant  indepth  absorption  is  not  considered. 

One  of  the  most  important  issues  in  the  ignition  (either  experimental  or  theoretical)  is  the  choice 
of  a  so-called  "ignition  criterion".  Obviously,  this  choice  will  affect  the  determination  of  the  ignition 

time  delay.  j-  r 

In  this  paper  we  will  consider  two  ignition  criteria.  Both  of  them  lead  to  the  same  prediction  tor 

the  ignition  time  delay  with  a  good  degree  of  precision,  in  the  range  of  a  few  microseconds. 

The  first  and  main  criterion  that  was  used  in  this  work,  states  that  the  temperature  of  the  pro- 
peUant  surface  must  reach  a  critical  value.  This  value  is  usuaUy  known  from  experiments  or  from 
theoretical  chemical  considerations.  The  second  criterion  assumes  that  ignition  occurs  when  the  rate 
of  heat  production  from  the  chemical  reaction  exhibits  a  very  steep  increase.  This  criterion  provides 
(as  we  shall  see  later  in  Fig.  3)  with  a  high  degree  of  precision  (a  few  microseconds)  the  same  ignition 
time  than  the  first  criterion.  The  temperature  of  the  propellant  at  the  ignition  time  provided  by  the 
second  criterion  is  very  close  to  the  threshold  value  used  in  the  first  criterion  (see  Table  2). 

The  purpose  of  calculations  in  the  frame  of  solid  phase  ignition  theory  is  to  determine  a  non 
stationary  temperature  field  in  the  propeUant,  the  ignition  delay  time  and  how  these  parameters  are 
affected  by  the  heating  conditions.  The  equations,  the  initial  conditions  and  the  boundary  conditions 
that  describe  the  propellant  heating  process  up  to  ignition  are  similar  to  those  used  for  this  kind  of 
theory  when  studying  soUd  propellant  ignition  by  conventional  means,  and  can  be  written  as  foUows 
[18.19]: 

cp^  =  +  OJ<o  expi-EJRT)  (1) 

^  dt  ox^ 

-  =  q^:,t  =  +  qconv  :  at  X  =  0  :  (2) 

dx 

2- =  0  :  at  X  =  oo:  T  =  To  at  t  =  0  (3) 


—  0A{Tmix 


=  asBiTLx  - 


Refer  to  the  nomenclature  for  symbols  definitions.  The  following  assumptions  have  been  made  in 
the  calculations  of  the  mixture  properties: 

•  The  plasma  leaving  the  capillary  and  the  neutral  gas  are  treated  as  ideal  gases. 

•  The  main  plasma  parameters  leaving  the  capillary  are  varying  as  some  prescribed  functions  of 
time  that  approximate  the  real  shape  of  this  variation  in  ablative  capillary  discharges. 

•  The  mixing  time  between  the  plasma  and  neutral  gas  is  much  shorter  than  the  heating  time  or 
the  ignition  time  delay. 

•  The  plasma  temperature  does  not  change  due  to  expansion  in  the  combustion  chamber,  but  only 
by  heat  transfer  to  the  neutral  gas. 
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At  any  time  the  ionized  gas  and  its  physical  parameters  are  a  result  of  the  mixing  between  the 
neutral  gas  and  the  mass  of  plasma  that  left  the  capillary  until  this  specific  time. 


In  the  following  equations  we  provide  expressions  for  some  of  the  mixture  properties.  For  the  sake 
of  shortness  dimensionless  expressions  are  given. 


)  —  —  1  "h  T  Z')  t  —  ^^0  T 

TlgO  UgO 

rh  _  Tmix  _  ^5  +  +  2')  -  _  TgQ  ~  _  Tpr 

+  To'  To 

Defining  the  average  mass  and  density  of  the  mixture  particle  as: 


^mix  ~  !  i  Pmix  ~  ^mix  '  ^mix 

^pi  m  WpO 

we  finally  obtain  the  following  dimensionless  expressions: 


I  + 

rrigo  1  +  npiir) 


Pmixi^) 


Pmix 

^gO'^gO 


1  + 

772.^0 


(5) 

(6) 

(T) 

(8) 


pmx 


pTnix 


,1/2 


1.48- 


/2 


= 


MOO  1  +  0.135V[1  +  1.67  •  102(f^/r;^)i/4]2  +  0.328[1  +  6  ■ 

_  5.34-io-^ryv 

koo  l  +  0.135np^[l  +  1.67-102(r5/f’;^)V4]2  ‘  +  0.328[1  +  6  •  103(7;Vf’s)i/4]2 

=  6.97-  10^ilH^^l^J/(kgK) 

1  +  npr 

3  Results  and  Discussions 


(9) 


(10) 


(11) 


In  the  present  study,  we  wiU  analyze  the  ignition  process  of  a  propellant  by  plasma  produced  in 
the  ablative  capillary  for  four  different  pulses  of  input  energy.  The  pulse  duration  in  all  four  cases  is 
1  msec,  and  the  maximum  values  of  the  input  power  during  the  discharge  are  60  MW,  100  MWy  200 
MW  and  300  MW.  respectively.  The  time  profile  of  the  main  plasma  parameters  was  chosen  based  on 
the  fact  that  for  a  discharge  in  which  the  plasma  flow  at  the  open  end  is  sonic  (critical),  it  is  similar 
with  a  good  degree  of  precision  to  that  of  the  input  energy  pulse  [9],  In  [2,3,8],  a  method  was  presented 
that  allows  us  to  evaluate  the  main  plasma  parameters  at  the  capillary  exit  for  a  steady  state  ablative 
discharge.  The  same  method  can  be  used  successfully  for  the  evaluation  of  the  maximum  values  of 
these  parameters  in  a  time  dependent  discharge. 

Table  1  summarizes  the  maximum  values  of  the  main  plasma  parameters  at  the  capillary  exit  for 
the  four  cases  considered  here. 

The  ignition  mixture  velocity  u  remains  an  undefined  parameter.  Recent  preliminary  experimental 
measurements  performed  at  Soreq  have  shown  that  the  value  of  the  ignition  stimulus  velocity  is,  most 
probably,  in  the  range  300-2000  meters  per  second.  To  our  knowledge,  no  other  published  data  is 
available.  Therefore,  a  parametric  study  of  the  effect  of  u  on  the  ignition  process  whll  be  conducted 
using  four  different  values:  u  =  300,  500,  1000  and  2000  m/s. 

A  selection  of  the  main  results  of  this  study  can  be  found  in  Figs.  2  to  4  and  in  Table  2. 
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Table  1:  The  maximum  values  of  the  main  plasma  parameters  at  the  capillary  exit 


Power  (MW)  j 

i  60 

100 

to 

o 

o 

300 

Temperature  (K),  Tm.e 

2.07  •  lO'^ 

2.35  ■  10^ 

2.79  •  lO-" 

3.09  ■  lO-" 

Mass  density  {kg/m^)pm,e 

0.287 

0.395 

0.609 

0.785 

Exit  velocity  (m/sec)  Vm.e 

9.28  ■  10^ 

9.9  •  10^ 

1.08  •  10^ 

1.135  •  10^ 

Mass  flux  (kg/sec)  mm.e 

0.228 

0.333 

0.561 

0.760 

Table  2:  Some  parameters  of  the  igniting  mixture  and  the  plasma  at  ignition  onset.  Ts{ti)  *  propellant 
surface  temperature  (K);  At,  -  the  ignition  delay  (/x  sec);  AU{exp)  -  the  upper  bond  experimental 
ignition  delay  (p  sec):  m(t,-)  -  mass  of  plasma  in  the  combustion  chamber  (kg);  TmixiU)  -  igniting 
mixture  temperature  (K);  Pmix{U)  -  igniting  mixture  density  (kg/m^);  P{U)  -  igniting  mixture  pressure 
(MPa)  and  VT,>^t(ti)  -  plasma  internal  energy  in  the  combustion  chamber  (kJ)  for  the  four  considered 
maximum  values  of  the  input  power. 


Power  (MW) 

TsiU) 

Ati 

Ati{exp) 

m(<j) 

T„iAU) 

Pmix[ti) 

P[U) 

60 

458.5 

505 

. 

7.70  •  10-" 

3809 

1.243  1 

1.52 

17 

100 

460.4 

390 

<  600 

7.47  •  10-" 

4031 

1.243 

1.61 

18 

200 

463.0 

284 

<  450 

7.34  •  10-^ 

4277 

1.242 

1.71 

19 

300 

463.7 

237 

<  300 

7.17  •  10“^ 

4413 

1.242 

1.77 

20 

3.1  Plasma  and  igniting  mixture  parameters  values  up  to  ignition  onset 

The  following  conclusions  can  be  drawn:  From  Table  2,  it  seems  that  up  to  the  onset  of  propellant 
ignition,  the  plasma  partial  density  reaches  almost  the  same  value  independently  of  the  input  energy. 
Since  the  neutral  gas  partial  density  is  constant  during  the  propellant  ignition  process  and,  since  we 
assumed  that  the  mass  of  gases  leaving  the  propellant  up  to  ignition  is  negligible,  we  conclude  that  the 
igniting  mixture  density  and  mass  is  almost  the  same  ar,  the  ignition  onset  for  all  the  input  energies 
considered. 

The  main  differences  between  the  four  ignition  processes  that  lead  to  different  ignition  time  delays 
seem  to  be  connected  to  the  partial  temperature  of  the  plasma  component  of  the  mixture. 

As  the  maximum  power  of  the  input  electrical  pulse  increases,  higher  plasma  partial  temperatures 
are  reached,  leading  to  higher  temperature  of  the  mixture  (See  Table  1  and  2). 

Not  only  the  plasma  temperature,  but  also  its  density  and  velocity  at  the  capillary  exit  depend  on 
the  input  power.  Therefore  our  results  support  the  claim  that  using  a  plasma  source  for  propellant 
ignition  does  indeed  allow  the  control  of  the  propellant  ignition  time  delay. 

Another  conclusion  can  be  drawn  from  Table  2.  Using  plasma  as  a  primer  for  propellant  ignition 
does  not  lead  to  large  values  of  igniting  mixture  temperature.  If  the  flame  temperature  for  conventional 
igniters  is  approximately  3000K,  we  derive  from  Table  2  that,  even  for  the  largest  maximum  power 
used  in  our  calculations,  the  mixture  temperature  at  ignition  is  only  47%  higher.  The  relatively  small 
values  of  the  mixture  temperature  can  be  explained  by  the  small  ratio  of  the  partial  densities  of  the 
plasma  to  the  neutral  gas  in  the  combustion  chamber. 

3.2  The  effect  of  convective  and  radiative  heating 

Two  heating  factors  were  considered  in  the  present  study:  the  convective  and  radiative  fluxes  of 
energy.  We  now  address  the  important  issue  of  evaluating  the  relative  effect  of  these  factors  on  the 
ignition  process.  It  is  also  interesting  to  see  how  different  velocities  of  the  ignition  stimulus  affect  the 
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ignition  delav.  The  results  plotted  in  Figs.  2a,  2b  attempt  to  give  an  answer  to  these  questions. 


time  (msec) 


time  (msec) 


Fig.2  :  The  total  energy  fluxes  for  different  velocities  of  the  igniting  mixture 
for  maximum  input  power  of  60  MW  (a),  and  300MW  (b). 


Figs.  2a  and  2b  represent  the  radiative  flux  of  energy  for  the  case  of  a  maximum  input  power  of 
60MW  and  the  corresponding  convective  energy  fluxes  for  four  diflterent  values  of  ignition  stimulus 
velocity,  as  indicated  in  the  figure.  In  Fig.  2b  the  same  quantities  were  plotted  but  for  a  maximum 
input  power  of  300MW.  The  following  conclusions  can  be  drawn.  In  the  earlier  stages  of  the  propellant 
heating  the  main  role  is  played  by  the  convective  heating  for  all  the  cases  presented  in  Figs.  2a  and  2b. 
For  relatively  low  velocities  (less  than  500m/s),  the  role  of  the  convective  heat  flux  is  limited  to  that 
of  a  pre-heating  factor  and  it  remains  lower  than  the  radiative  contribution  for  time  moments  near 
the  ignition  onset  for  aU  the  studied  cases.  For  velocities  equal  to,  or  larger  than,  2000m/s  (see  in  Fig. 
2a  the  curve  corresponding  to  u  =  2000m/s),  the  convective  flux  of  energy  becomes  comparable  to,  or 
even  larger  than  the  radiative  one  during  the  entire  time  of  propellant  heating  up  to  ignition  onset.  For 
high  input  powers  (see  Fig.  2b)  the  radiative  component  remains  dominant,  even  for  high  velocities. 
The  changes  in  the  ignition  delay  are  relatively  modest  when  the  velocity  of  the  ignition  stimulus 
increases.  The  maximum  difference  we  find  in  the  60MW  case  is  for  a  velocity  of  u  =  2000m/s,  where 
the  ignition  delay  is  10%  smaller  than  that  for  u  =  300m/s.  Therefore,  we  expect  that  the  errors  in 
the  measurement  of  the  parameter  u  will  not  change  in  a  significant  manner  the  ignition  picture,  at 
least  regarding  the  ignition  delay  (compare,  for  example,  the  curves  for  u  =  300  and  500m/s  in  Figs. 
2a  and  2b). 


3.3  Ignition  delay  and  ignition  temperature 

The  discussion  will  be  based  on  the  results  plotted  in  Fig.  3  and  Table  2.  In  Fig.  2  the  rate  of 
chemically  produced  heat  at  the  propellant  surface  Qc  3t,re  plotted  as  a  function  of  time  for  each  one  the 
input  power  values  we  have  considered.  We  note  that  at  the  time  the  chemically  produced  heat  at  the 
propellant  surface  suddenly  presents  a  dramatic  increase,  the  propellant  surface  temperature  reaches 
a  value  of  about  460K  (which  is  accepted  and  experimentally  determined  as  the  ignition  temperature 
for  the  kind  of  propellant  we  consider  here). 

The  ignition  time  delay  is  one  of  the  most  important  parameters  characterizing  the  propellant  and 
fuel  ignition  process.  The  capability  of  controlling  the  ignition  time  delay  is  strongly  related  to  our 
ability  to  control  the  ignition  process  itself.  We  see  in  Table  2  that  the  ignition  time  delay  decreases 
by  almost  54%  (from  505^sec  to  237/isec)  as  the  maximum  input  power  increases  from  60MW  to 
300MW.  At  the  same  time  the  increase  in  the  plasma  energy  entering  the  combustion  chamber  up  to 
propellant  ignition  is  only  18%.  We  can  also  conclude  from  Table  2  that  the  changes  in  the  ignition 
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time  delay  are  strongly  related  to  those  of  the  mixture  temperature.  However,  the  quantity  of  plasma 
inside  the  combustion  chamber  at  ignition  onset  shows  a  very  slight  dependence  on  the  input  energy. 
This  means  that  the  ignition  delay  is  practically  determined  by  the  temperature  of  the  mixture  which, 
in  turn,  is  directly  determined  by  the  plasma  temperature  at  the  capillary  exit.  As  already  mentioned, 
the  value  of  the  plasma  temperature  at  the  capillary  exit  with  a  given  geometry  depends  on  the  input 
power  per  unit  volume  [3,12,13].  This  leads  us  to  the  conclusion  that  the  time  delay  itself  can  be 
linked  to  the  value  of  the  input  power.  From  the  data  presented  in  Table  2.  we  can  build  a  simple 
empirical  relation  between  the  ignition  delay.  Ati  and  the  input  power  (W^np) 

Ai,  ~  II--,"  (12) 

In  our  case  3  ~  0.475.  Our  results  also  point  to  the  possibility  of  minimizing  the  amount  of  energy 
needed  to  ignite  the  propellant.  In  other  words,  we  can  evaluate  the  minimal  duration  of  an  input 
energy  pulse  needed  in  order  to  ignite  the  propellant.  On  the  other  hand,  for  a  pulse  longer  than  the 
required  minimum,  we  can  evaluate  the  part  of  the  input  energy  which  will  further  contribute  to  the 
combustion  process. 


Fig.  3:  Rate  of  chemical  heat  production 
at  the  propellant  surface 
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Fig.  4:  Heat  wave  penetration  inside 
the  propellant  (for  200  MW  case) 


3.4  The  propellant  spatial  temperature  profile 

We  now  turn  to  the  propagation  of  the  heat  wave  in  the  propellant  during  the  heating  (induction) 
period  up  to  ignition  onset.  The  data  are  plotted  for  different  times  in  Fig.  4  for  the  200MW  case. 
The  main  feature  is  the  small  thickness  of  the  layer  in  which  the  temperature  changes  significantly. 
Let  us  define  the  penetration  depth  (i5)  of  the  heat  wave  until  ignition  onset,  as  the  value  of  the  2; 
coordinate  at  which  the  temperature  changes  by  less  than  0.3%  with  respect  to  the  initial  value.^  Then, 
up  the  ignition  onset,  for  the  60MW  case  <5  =  1.5  10“’^m,  for  the  lOOMW  case  <5  =  1.2  10“'^m;  for 
the  200MW  case  6  =  10"’m  and  for  the  300MW  case  S  =  0.8  10"'^m.  AU  these  values  are  much 
lower  than  the  propellant  web  (1.37  10“^m).  This  fact  supports  a-posteriori  two  of  our  assumptions: 
the  one- dimensionality  of  the  ignition  problem  and  the  fact  that  until  ignition  onset  the  quantity  of 
propellant  which  is  gasified  is  very  small. 


3.5  Comparison  with  experiment 

The  experiments  we  compare  to  the  model  were  not  designed  for  being  ignition  experiments. 
Rather  they  are  regular  shots  performed  with  the  Soreq  105mm  SPETC  gun,  in  which,  among  other 
data,  the  breech  pressure  was  recorded  from  the  beginning  of  the  ignition  trigger.  For  this  reason 
the  ignition  delay  one  can  obtain  from  the  rise  of  the  pressure  signal  is  only  an  upper  bound  of  the 
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real  time  at  which  the  first  grains  are  starting  to  burn.  Three  shots  were  used.  The  shots  differ  only 
by  the  power  of  the  electric  pulse  used  for  ignition  (100,  200  and  300  MW  respectively).  The  other 
shot  parameters  are  the  same  and  correspond  to  the  data  used  in  the  model  (propellant  type  and 
amount,  chamber  volume  etc.  )  The  results  are  shown  in  the  fourth  column  of  Table  2.  We  conclude 
to  a  good  semi-quantitative  agreement  between  the  experimental  and  the  prediction  model  values.  In 
the  next  future  a  series  of  specially  designed  closed  bomb  experiments  should  be  performed  to  check 
more  quantitatively  the  predictions  of  our  ignition  model. 

4  Conclusions 

A  one  dimensional  model  for  solid  propellant  ignition  using  a  plasma  source  has  been  proposed.  In 
the  frame  of  the  model  assumptions  the  propellant  is  heated  and  ignited  by  convective  and  radiative 
fluxes  of  energy  from  a  mixture  between  the  plasma  leaving  an  ablative  discharge  device  and  the 
neutral  gas  existing  in  the  combustion  chamber. 

The  main  conclusions  that  emerge  from  our  study  are  the  following: 

•  Propellant  ignition  begins  when  the  plasma  energy  and  mass  (partial  density)  in  the  combustion 
chamber  reach  values  that  change  only  slightly  with  the  level  of  the  input  power  density. 

•  The  ignition  time  delay  is  mostly  sensitive  to  the  value  of  the  plasma  temperature  at  the  capillary 
exit,  and  to  a  smaller  extent  to  its  exit  velocity.  Since  the  plasma  temperature  is  directly  related 
to  the  density  of  the  input  power,  we  can  conclude  that,  indeed,  we  have  a  good  tool  for  direct 
influence  on  the  ignition  process  of  the  propellant  and,  in  some  respects,  also  to  affect  the 
propellant  combustion. 

•  For  low  velocities  of  the  ignition  stimulus,  the  radiative  flux  of  energy  is  always  the  main  factor 
leading  to  ignition.  However,  during  the  early  moments  of  propellant  heating,  the  convective 
flux  of  energy  is  larger  than  the  radiative  one.  The  convective  flux  of  energy  plays  the  role  of 
a  '’pre- heating*’  factor.  At  higher  velocities  and  for  small  values  of  the  density  of  input  energy, 
the  convective  flux  of  energy  can  overcome  the  radiative  one. 

•  The  ignition  criteria  we  use  lead  to  the  same  ignition  time  delay.  From  the  second  criterion  it 
also  follows  that  the  ignition  temperature  is  approximately  460K.  This  result  is  in  agreement 
with  the  experimental  value  for  the  propellant  we  used  in  this  study. 

•  The  depth  of  penetration  of  the  heat  wave  into  the  propeUant  is  very  small  up  to  ignition  onset.  It 
is  larger  for  longer  ignition  time  delays  obtained  with  lower  input  powers.  This  result  supports  a 
posteriori  two  of  the  model  assumptions,  namely:  the  accuracy  of  the  one- dimensional  approach 
and  neglecting  the  effect  of  propeUant  gasification  up  to  ignition  onset. 

•  We  have  also  performed  a  parametric  study  of  the  effect  of  the  emissivity  on  the  ignition  tim 
edelay.  For  the  60  MW  case,  we  have  checked  the  foUowing  values  of  e:  1,  0.8,  0.6,  0.4.  The  time 
delays  were  found  to  be  505,  522,  545,  and  575  /isec  respectively.  As  one  can  see  no  significant 
changes  (  maximum  15%)  were  induced  in  the  time  delay  when  the  emissivity  factor  was  changed 
by  60%. 

•  The  ignition  stimulus  temperature  at  ignition  onset  in  plasma  stimulated  ignition  is  higher  than 
the  value  reached  in  the  conventional  ignition  processes,  depending  on  the  density  of  input  power. 
This  higher  value  of  the  ignition  mixture  temperature,  even  if  not  as  high  the  temperature  at 
the  capiUary  exit,  has  a  dramatic  effect  on  the  ignition  delay  and  seems  to  be  the  main  factor, 
in  the  frame  of  our  model,  that  makes  the  difference  between  conventional  propeUant  ignition 
and  plasma  stimulated  propeUant  ignition. 
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The  predicted  time  ignition  delays  seem  to  be  in  good  agreement  with  the  measured  values, 
although  dedicated  experiments  are  yet  to  be  designed  to  get  a  cleaner  basis  for  comparing 
between  theory  and  experiment. 
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Comments 

Qwinn  Brewster  -  Univ.  of  Ill.  Urbana,  USA:  I  think  the  effect  of  in-depth  absorption  of 
radiation  may  be  very  important  in  this  situation.  Even  with  opacifying  carbon  in  the  propellant,  the 
photon  mean  free  path  (inverse  absorption  coefficient)  for  the  characteristic  plasma  radiation  wiU  be 
at  least  of  the  order  of  the  reported  conduction  penetration  depths  (microns),  I  suggest  relaxing  or  at 
least  investigating  the  surface  absorption  assumption. 

Authors’  reply;  We  totally  agree  with  this  observation.  It  is  our  intention  to  extend  the  present 
model  in  order  to  take  into  consideration  the  radiation  in-depth  absorption  effect  on  the  propellant 
ignition. 


Ashot  Nazarian  -  SAIC/NIST  USA:  1.  Is  there  any  dependence  of  ignition  parameters  on 
plasma  pulse  duration? 

2.  What  is  the  emisivity  (non-black  body)  contribution  to  the  accuracy  of  the  calculation? 

Authors’  reply:  1.  The  answer  is  both  yes  and  no.  Yes  if  one  remarks  that  the  ignition  parameters 
are  mainly  affected  by  the  amount  of  energy  provided  by  the  plasma,  that  is  the  time  integral  of  the 
pulse  power.  However,  once  ignition  has  occurred,  and  since  the  plasma  ignites  quite  uniformly  and 
simultaneously  the  whole  propellant  charge,  the  rest  of  the  pulse  (i.e.  how  long  the  pulse  is  after  the 
ignition  )  does  not  affect  the  ignition  process. 

2.  We  of  course  agree  with  the  fact  that  including  the  emissivity  of  propellant  will  affect  the  ignition 
time  delays  predicted  in  our  model.  To  check  quantitatively  this  effect,  we  have  performed  a  series  of 
calculations  where  we  added  an  emissivity  factor  of  0.8,  0.6  and  0.4  (instead  of  1).  These  calculations 
were  done  for  the  case  of  maximum  input  power  of  60MW.  In  this  case  the  ignition  time  delay  Atj 
was  505;zsec.  The  results  are  522,  545  and  575  ^sec  respectively.  Therefore  changing  by  60% 
the  emissivity  infers  a  change  of  about  15%  in  At,-. 


Jean-Paul  Reynaud  -  SNPE  -  France:  You  made  some  assumptions  for  radial  and  axial  ig¬ 
niting  mixture  velocities  values.  Were  they  real  assumptions  or  did  you  make  some  experimental 
measurements  of  this  parameter  ?  If  yes,  what  kind  of  experiment  ? 

Authors’  reply:  We  have  indeed  performed  in  our  laboratory  some  preliminary  experiments  to 
evaluate  the  axial  and  radial  velocities  of  the  igniting  mixture  of  plasma/air.  A  detailled  description 
of  the  experimental  set-up,  diagnostics  and  results  will  be  presented  in  San  Francisco  at  the  next 
International  Symposium  on  Ballistics.  In  summary,  the  results  indicate  that  the  axial  velocity,  at 
least  during  the  ignition  stage,  is  between  1500  and  2000  m/s,  while  the  radial  velocity  rather  ranges 
between  300  to  500  m/s.  The  velocity  values  in  the  above  ranges  depend  mainly  on  the  value  of  the 
electric  input  power. 
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“New  Insights  into  the  Combustion  of  AP/HTPB  Rocket  Propellants: 
The  Catalyst  Active  Sites  and  a  Combustion  Flame  Model  for 
The  Ferrocene-Catalysed  Combustion” 


T.T.  Nguyen 

Weapons  Systems  Division 
Defence  Science  &  Technology  Organisation  (DSTO) 
P.O.  Box  1500  Salisbury,  South  Australia  5 108,  Australia 


ABSTRACT:  The  combustion  of  solid  rocket  propellants  consisting  of  hydroxy-terminated 

polybutadiene  (HTPB)  as  binder  and  ammonium  perchlorate  (AP)  as  oxidiser  and  incorporating  the 
ferrocenic  bum  rate  catalysts  Catocene  and  Butacene  was  examined  with  a  view  to:  (i)  obtaining  a 
better  understanding  of  the  propellant  combustion  behaviour  and  the  prevailing  mechanistic  sites  of 
bum  rate  catalysis,  and  (ii)  determining  the  bum  rate  temperature  sensitivity. 

Examination  revealed  that  the  enhancing  effect  of  1%  Catocene  was  equivalent  to  0.5%  Butacene. 
The  combined  experimental  evidence  (from  bum  rate  measurements  and  scanning  electron 
microscopy)  provides  insights  into  the  possible  sites  of  the  catalytic  action  by  the  ferrocenic  catalyst. 
The  data  were  interpreted  as  indicating  the  catalyst  acting  predominantly  in  the  binder,  possibly  to 
promote  AP^inder  reactions  at  the  AP/binder  interface,  or  to  enhance  the  binder  pyrolysis.  There 
could  be,  possibly  to  a  much  less  extent,  active  sites  formed  by  iron  particles  ejected  into  the  primary 
diffusion  flame.  There  was  no  evidence  suggesting  the  catalyst  acting  in  the  oxidiser  to  promote 
surface  AP  decomposition.  The  arguments  support  the  logic  that  the  combustion  is  controlled  by  the 
primary  diffusion  flame.  A  combustion  flame  model  is  proposed  which  shows  the  domed  AP  surface 
particle,  undercutting  along  the  AP  particle  boundary,  and  the  primary  diffusion  flame  bending  across 
the  AP/binder  interface. 

The  bum  rate  temperature  sensitivity  value  (Gp)  at  10  MPa  for  the  propellants  containing  0.5% 
Catocene  and  0.5%  Butacene  was  0.17  and  0.15%/°C,  respectively.  This  represents  a  reduction  of 
40%  and  35%,  from  the  baseline  non-catalyst  value.  The  lowering  of  bum  rate  temperature  sensitivity 
re-affirms  the  contention  that  a  primary  diffusion  flame  mechanism  is  operative  for  the  ferrocene- 
catalysed  combustion. 
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INTRODUCTION 


Propellant  bum  rate  is  an  important  characteristic  of  solid  propellant  combustion.  A  common  method 
for  enhancing  bum  rate  is  by  the  use  of  metal  containing  catalysts.  Numerous  mechanistic  studies 
have  shed  some  light  about  how  these  catalysts  function.  A  great  deal  of  effort  has  been  focussed  on 
the  relative  importance  of  the  role  played  by  the  ammonium  perchlorate  (AP)  oxidiser  and  the  inert 
hydroxy-terminated  polybutadiene  (HTPB)  binder.  One  school  of  thought  advocates  that  bum  rates  of 
composite  propellants  are  determined  by  the  bum  rates  of  the  oxidiser  AP  and  its  catalysed 
decomposition  reaction s^"^  while  another  puts  more  emphasis  on  the  binder  and  its  catalysed 
heterogeneous  reactions  with  the  oxidiser.'*’^ 

Another  long  standing  controversy  has  been  the  question  as  to  whether  gas-phase  reactions,  or 
condensed-phase  (i.e.  surface  and  sub-surface)  reactions  play  a  dominant  role  in  bum  rate 
enhancement.^’"^’^ 

In  favour  of  gas-phase  reactions,  Rastogi  et  al.’  suggested  that  the  actual  species  catal)^ing  the  bum 
rates  was  the  oxide  derived  from  the  original  metal  salt  additive  which  functions  by  promoting  the 
gas-phase  reactions  on  the  surface  but  not  the  exothermic  reactions  in  the  condensed  phase.  Others 
suggested  that  iron-containing  catalysts  such  as  iron  oxide  and  ferrocenes  act  in  the  gas  phase  to 
increase  the  reaction  rate  of  perchloric  acid  and  its  initial  decomposition  products. 

By  contrast,  condensed-phase  reactions  are  shown  to  be  important  in  the  heterogeneous  reactions 
between  the  binder  and  AP,  or  in  the  binder  decomposition  itself.  From  the  observed  undercutting 
along  the  boundary  of  the  AP  particles  on  the  quenched  propellant  surfaces,  Krishnan  et  al. 
suggested  that  iron  oxide  and  copper  chromite  catalysts  enhance  the  propellant  bum  rates  by 
promoting  heterogeneous  surface  and  sub-surface  reactions  between  the  binder  and  oxidiser.  Similar 
observations  were  reported  in  other  studies  using  sandwich  propellants  by  Price  et  al.  Kishore  et 
al  3.17.18  concluded  that  more  definite  evidence  for  condensed-phase  reactions  came  from  the 
identification  of  peroxide  intermediates  in  chemical  analyses  and  infrared  spectroscopy  of  quenched 
propellants.  A  model  was  put  forward*^  to  incorporate  condensed-phase  reactions  where  both  AP  and 
the  binder  decompose  in  the  solid  phase,  and  the  products  mix  and  interact  in  the  interstices  between 
the  AP  particles  and  the  binder. 

While  the  evidence  is  strong  for  condensed-phase  reactions  between  the  binder  and  oxidiser,  evidence 
for  catalyst  enhanced  binder  degradation  has  been  somewhat  contradictory.  On  the  one  hand,  binder 
thermal  degradation  has  been  claimed^  to  be  the  rate-limiting  step  in  HTPB/AP  combustion 
catalyzed  by  copper  containing  additives.  Catalysis  was  found  to  increase  the  bum  rate  when  copper 
chromite  was  pre-mixed  into  the  binder,  but  not  when  it  was  pre-mixed  into  the  AP .  ’  On  the  other 
hand,  no  augmented  binder  pyrolysis  was  observed  when  catalysts  known  to  enhance  propellant  bum 
rates  were  used.*’^  Further,  changes  in  the  kinetics  or  heats  of  degradation  of  the  polymeric  binders 
have  been  shown  not  to  have  a  significant  effect  on  propellant  bum  rates, and  such  negative 
results  were  interpreted  as  inferring  the  catalyst  affects  gas-phase  AP  decomposition  reactions. 

The  question  of  a  dual  role  has  also  been  raised.  One  study  suggests  copper  chromite  catalyst 
accelerates  AP  decomposition  as  well  as  promotes  the  oxidation  of  the  fuel  through  heterogeneous 
reactions. Another  shows  copper  chromite  does  not  promote  heterogeneous  reactions  with  solid 
fuel  binder,  nor  modify  binder  pyrolysis,  but  it  possibly  enhances  gas-phase  reactions  by  its  presence 
in  the  interface  between  the  AP  and  binder. 

Because  of  the  complex  and  confusing  literature  mentioned  above,  the  present  study  aimed  to  obtain  a 
better  understanding  of  the  propellant  burning  surfaces,  their  combustion  behaviour  and  the  prevailing 
mechanistic  sites  of  ferrocenic  bum  rate  catalysis.  Evidence  is  presented  from  bum  rate  measurements 
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and  burning  surface  characteristics  that  the  ferrocenic  catalysts  act  in  the  binder,  possibly  to  promote 
the  heterogeneous  reactions  between  the  binder  and  the  AP,  or  to  enhance  binder  pyrolysis.  It  is 
argued  that  condensed-phase  reactions  at  the  binder/AP  interface  are  likely  to  be  important  for 
catalysing  the  primary  diffusion  flame.  There  is  no  evidence  for  catalysed  AP  decomposition 
reactions  on  the  propellant  burning  surface. 


EXPERIMENTAL 


Materials 

Bimodal  blends  of  AP  (source:  Kerr-McGee)  were  used,  consisting  of  a  medium  sized  (200  ]xm) 
fraction  and  a  small  sized  (20  \im)  fraction.  This  combination  was  recommended  as  offering  an 
optimum  AP  particle  size  width  distribution  to  enable  the  best  possible  reduction  of  bum  rate 
temperature  sensitivity. Particle  size  distributions  were  measured  on  a  Malvern  Mastersizer/E. 

The  non-catalysed  propellant  formulation  contained  83%  (weight  fraction)  AP  (medium  sized 
65/small  sized  35)  and  17%  HTPB  (source:  Elf-Atochem)  including  a  small  amount  (approximately 
3%)  of  a  curing  agent,  DDI  (Trademark  of  General  Mills  Inc.),  which  is  a  diisocyanate  derived  from  a 
dimer  acid  C36H64O4.  In  all  other  formulations,  the  binder  level  was  kept  unchanged  at  17%,  and  the 
catalyst  was  added  at  the  expense  of  the  total  AP  solid  loading  (83%)  while  maintaining  constant  the 
medium  sized/small  sized  AP  ratio  of  65  to  35. 

Catocene  (source:  Thiokol)  was  kindly  donated  by  the  U.S.  Department  of  the  Navy,  Naval  Air 
Warfare  Centre,  China  Lake,  California.  Butacene  (source:  SNPE)  was  an  HTPB  prepolymer  with  a 
ferrocenic  moiety  grafted  through  an  alkyl  silane  group  to  the  polymer  backbone.  It  had  an  iron 
content  of  8.10  %  by  weight,  whereas  the  iron  content  in  Catocene  was  23.85  %.  For  comparative 
assessment,  the  propellants  containing  Butacene  were  prepared  so  that  they  contained  the  same 
amount  of  iron  in  the  ferrocenic  complex  as  that  amount  of  iron  in  the  catalyst  Catocene  incorporated 
in  the  corresponding  propellants.  In  the  following  sections  they  are  referred  to  as  the  0.5  %  (actual  1.5 
%  Fe)  and  1.0  %  (actual  2.9  %  Fe)  Butacene  containing  propellants  for  direct  comparison  with  the 
corresponding  propellants  containing  0,5  and  1.0  %  Catocene.  Because  Butacene  also  contained  an 
amount  of  HTPB,  this  amount  was  taken  into  account  in  determining  the  17%  binder  content  of  the 
propellant. 

The  detailed  formulations  of  the  propellants  are  summarised  in  Table  1. 

TABLE  1 

Propellant  Formulations  (Weight  %)  Containing  Various  Catalysts  at  Different  Concentrations 


Baseline 

Catocene  concetration 

Butacene  concentration 

propellant 
(No  catalyst) 

0.5% 

1% 

3% 

0.5% 

1% 

3% 

HTPB 

13.79 

13.79 

13.73 

13.79 

12.42 

11.18 

5.91 

AP  (200gm) 

53.95 

53.63 

53.30 

52.00 

53.95 

53.95 

53.95 

AP  (20|4.m) 

29.05 

28.87 

28.70 

28.00 

29.05 

29.05 

29.05 

Catocene 

- 

0.50 

1.00 

3.00 

- 

- 

- 

Butacene 

- 

- 

- 

- 

1.47 

2.95 

8.83 

DDI 

3.21 

3.21 

3.27 

3.21 

3.11 

2.87 

2.26 
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Propellant  Processing  and  Manufacture 

The  propellants  were  manufactured  in  batch  sizes  using  a  1-pint  Baker  Perkins  planetary  action  mixer. 
All  mixing  was  performed  under  reduced  pressure  at  60°C.  After  mixing,  the  propellant  was  top  cast 
under  reduced  pressure  into  a  rectangular  mould  and  subsequently  cured  for  one  week  at  60°C.  The 
castability  of  the  propellant  and  the  rate  of  the  early  stage  of  the  cure  reaction  were  determined  by 
measuring  the  viscosity  of  the  propellant  as  a  function  of  time.  A  Haake  RV3  viscometer  with  a  cup 
and  rotor  sensor  was  used  for  these  measurements. 


Strand  Burn  Rate  Measurements 

The  cured  propellant  slabs  were  machined  into  strands  of  dimensions  175  x  5  x  5  mm.  The  strands 
were  inhibited  with  coatings  of  phenolic  epoxy  resin,  or  polyvinyl  acetate  paint.  They  were  burned  in 
a  nitrogen  pressurised  Crawford-type  bomb  over  a  pressure  range  2  to  18  MPa.  All  bum  rate 
measurements  were  at  20°C;  except  in  the  determination  of  temperature  sensitivity  bum  rates  were 
measured  at  -20  and  55°C.  Bum  rates  as  a  function  of  pressures  were  plotted  and  the  curves  of  best 
fit  through  the  data  points  were  obtained  by  least  square  regression  . 


Interrupt  Bomb 

An  interrupt  bomb,  constructed  from  a  modified  version  of  the  original  design^^  by  the  U.S.  Naval 
Weapons  Centre,  was  employed  in  the  quenching  of  burning  propellants.  A  propellant  strand  (length 
40  mm,  cross  section  5x5  mm)  was  burned  in  the  bomb  at  a  pressure  in  the  range  2-10  MPa,  and 
quenched  by  rapid  depressurisation  of  the  nitrogen.  A  stack  of  mylar  disks  (disk  thickness  0.13  mm) 
was  used  as  diaphragm  in  the  combustion  chamber.  The  propellant  strand,  mounted  at  the  opposite 
end  of  the  bomb,  could  be  ignited  by  an  igniter  wire  inserted  through  it.  A  nichrome  wire,  sandwiched 
between  the  mylar  disks,  was  heated  by  a  triggered  capacitor  discharge.  The  hot  wire  caused 
immediate  rupture  of  the  mylar  disks,  leading  to  a  rapid  drop  in  the  chamber  pressure  which 
extinguished  the  propellant  combustion.  The  number  of  mylar  disks  to  be  used  was  dependent  on  the 
bomb  pressure  under  which  the  propellant  burned.  The  rate  of  depressurisation  was  chosen  to  ensure 
that  proppelant  burning  was  completely  and  permanently  extinguished.  Some  alterations  of  the 
surface  structures  may  have  resulted  from  the  quenching  process,  but  the  marked  correlations 
established  previously^^  indicated  that  any  artifacts  due  to  the  quenching  process  would  be  of  minor 
importance.  The  quenched  propellant  was  examined  by  scanning  electron  microscopy. 


Scanning  Electron  Microscopy 

Scanning  electron  microscopy  (SEM)  was  carried  out  using  a  Jeol  JSM  35  scanning  electron 
microscope  with  a  Tracor  Northern  microprobe  attachment  for  qualitative  clement  identification  by 
Energy  Dispersive  Analysis.  X-ray  digital  images  of  elements  were  constructed  by  a  Tracor  Northern 
X-Ray  analyser  coupled  to  the  microscope.  The  X-Ray  analyser  used  a  Flexitran  program  called  the 
Image  Processing  Program  (IPP)  to  construct  digital  elemental  X-ray  maps  according  to  the  intensities 
of  X-rays  produced  by  the  electron  microscope. 

A  portion  of  the  quenched  propellant  strand  was  cut  and  mounted  on  a  sample  holder  for  SEM 
examination.  In  order  to  prevent  surface  charging,  i.e.  build-up  of  electrostatic  potential  on  the  non¬ 
conducting  propellant  surface,  the  surface  was  coated  with  a  thin  layer  of  gold  (a  few  hundred 
Angstrom  thick)  by  vacuum  deposition. 
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RESULTS 


Burn  Rate  Measurements 

Bum  rates  of  the  propellants  containing  0.5,  1  and  3%  Catocene  showed  enchancements  with  respect 
to  the  non-catalysed  background  propellant.  At  1%  Catocene  concentration,  a  bum  rate  increase  of  up 
to  80%  was  observed.  The  enhancements,  however,  were  not  proportional  to  the  catalyst 
concentrations. 

Bum  rates  of  the  propellants  containing  0.5,  1  and  3%  Butacene  were  also  measured,  and  found  to  be 
always  higher  than  the  corresponding  Catocene  propellant  bum  rates.  The  Butacene  propellant  bum 
rates  are  compared  with  the  Catocene  propellant  bum  rates  in  Figure  1,  and  summarised  in  Table  2. 

Since  the  Butacene  compound  consists  of  a  single  ferrocenic  moiety  and  a  pre-poljoner  HTPB  joined 
together  through  a  silane-type  linkage,  the  possible  enhancing  effect  due  to  the  linkage  was  examined. 
Bum  rate  measurements  of  the  propellant  containing  1%  tetraethylsilane  confirmed  that  there  was  no 
enhancing  effect  from  the  silane  linkage.  Thus  the  observed  enhanced  bum  rates  of  the  Butacene 
propellants  originate  from  the  catalytic  effect  of  the  ferrocenic  moiety. 


Figure  1 .  Plots  of  Bum  Rates  (mm/s)  versus  Pressures  (MPa)  of  Propellants 
Containing  Catocene  and  Butacene  Catalyst  at  Various  Catalyst  Concentrations. 


Scanning  Electron  Microscopy 

SEM  photographs  of  the  quenched  burning  surfaces  of  the  propellants  containing  the  ferrocenic 
catalysts  all  show  undercuttings,  to  varying  degrees,  along  the  boundaries  of  AP  surface  particles 
where  the  oxidiser  is  in  contact  with  the  binder.  This  observation  suggests  heterogeneous  reactions  at 
the  AP/binder  interfacial  region  on  the  burning  surface. For  the  propellant  containing  0.5% 
Butacene  catalyst,  the  undercuttings  were  quite  pronounced  at  both  low  (2  MPa)  and  high  (10  MPa) 
pressures;  see  Figure  2.  Another  characteristic  feature  of  the  ferrocenic  propellants  is  the  domed, 
convex  shape  of  the  AP  particle  on  the  burning  propellant  surface.  The  protmding  AP  surface 
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suggests  that  the  regression  rate  of  the  propellant  as  a  whole  is  faster  than  that  of  the  oxidiser 
particles. 


TABLE  2 

Bum  Rates  (mm/s)  of  the  HTPB/AP  Propellants  Containing  Catocenc  and  Butaccne  at  Different 

Catalyst  Concentrations. 


Pressure 

(MPa) 

Baseline 

Propellant 

Propellant  containing  Catocene  at 
indicated  Catocene  concentration 

Propellant  containing  Butacene  at 
indicated  Butacene  concentration 

No 

Catalyst 

0.5% 

1% 

3% 

0.5% 

1% 

3% 

2 

5.08 

7.95 

8.45 

9.38 

7.77 

8.97 

13.60 

4 

5.62 

9.39 

9.84 

11.04 

9.54 

10.80 

14.75 

6 

6.08 

10.41 

10.86 

12.39 

10.79 

12.35 

16.29 

8 

6.48 

11.10 

11.61 

13.47 

11.62 

13.66 

18.13 

10 

6.87 

11.58 

12.18 

14.29 

12.17 

14.77 

20.15 

12 

7.27 

11.97 

12.65 

14.89 

12.55 

15.75 

22.25 

14 

7.74 

12.39 

13.11 

15.30 

12.89 

16.63 

24.32 

16 

8.29 

12.95 

13.66 

15.55 

13.30 

17.47 

26.26 

18 

8.97 

13.77 

14.39 

15.66 

13.91 

18.32 

27.97 

The  oxidiser  particles  were  lagging  behind  the  flame  front  of  the  regressing  surface.  For  the  Catocene 
and  Butacene  propellants  this  feature  was  observed  throughout  the  pressure  regime  2  to  10  MPa. 
Frothy,  white  areas  indicating  the  presence  of  gaseous  decomposition  products  from  surface/sub¬ 
surface  reactions  were  observed  widely  all  over  the  binder  surface,  including  the  interfacial  regions 
around  small-sized  (20  |j,m)  AP  particles.  These  features  possibly  suggest  decomposition  reactions  of 
the  binder  ^taking  place  on  the  surface,  and  such  binder  pyrolysis  could  be  promoted  by  the 
catalyst.  ’  ’  In  addition,  they  may  indicate  binder/oxidiser  reactions  occurring  along  small-sized 


100  pm  75  pm 

(a)  (b) 

Figure  2.  SEM  Photographs  Showing  Undercuttings  along  the  AP  Particle  Boundary  on  the 
Butacene-Containing  Propellant  Surface  (a)  Quenched  at  2  MPa,  and  (b)  Quenched  at  10  MPa 
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AP/binder  interfacial  regions.  These  suggestions  are  supported  by  the  SEM  observation  of  iron 
containing  particles  (from  the  ferrocenic  catalyst)  dispersed  in  the  binder  phase  (see  below). 

The  features  on  the  surface  of  the  Butacene  propellants  were  in  sharp  contrast  with  the  burning 
surface  of  propellants  containing  carborane-type  additives,  which  had  a  "rocky,  pebbled"  appearance, 
and  was  covered  by  a  layer  of  viscous  binder  melt.'^ 

Under  high  magnification,  the  SEM  photographs  (see  Figure  3a)  of  the  ferrocenic  propellants  show 
aggregations  of  vigourously  reacting  iron  compounds  displaying  intensely  frothy,  white  blooming 
areas.  A  careful  search  revealed  no  evidence  of  well-defined  grape-like  structures  (see  Figure  3b)  such 
as  those  observed  for  aluminium  in  aluminised  propellants."^  X-ray  photoelectron  spectroscopy  of  the 
quenched  propellants  showed  the  Fe  2p  peak  at  a  binding  energy  of  712  eV,  confirming  the  existence 
of  iron  oxide  in  the  form  of  Fe203  and/or  Fe304.  Iron  oxide  catalyst  acts  as  a  heat  source  to  increase 
the  propellant  bum  rates,  contrasting  to  aluminium  which  acts  a  heat  sink  which  has  the  effect  of 
decreasing  propellant  bum  rates. 


Burn  Rate  Temperature  Sensitivity 

The  bum  rate  temperature  sensitivity  (ap,  %/°C)  for  the  propellants  containing  0.5%  Catocene  and 
0.5%  Butacene  was  determined  over  the  temperature  range  -20  to  55°C.  At  10  MPa,  the  ap  value  for 
the  0.5%  Catocene  propellant  and  the  0.5%  Butacene  propellant  was  0.17  and  0.15%/°C,  respectively. 
These  values  represent  a  reduction  of  40  and  35%  from  the  baseline  value  of  0.23%/°C  for  the  non- 
catalysed  HTPB/AP  propellant. 


250  pm  10  pm 


(a)  (b) 

Figure  3.  SEM  photographs:  (a)  showing  vigourously  reacting  iron  compounds  on  the  propellant 
(quenched  at  3  MPa)  containing  the  ferrocenic  catalyst;  and  (b)  showing  an  aggregate  of  aluminium 
oxide  particles  with  cracks  on  the  oxide  skin  and  exudation  of  molten  aluminium  metal  on  an 
aluminised  HTPB/AP  propellant  quenched  at  3  MPa. 
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DISCUSSION 


Burn  Rate  Enhancements 

The  Butacene  propellants  display  considerably  higher  bum  rates  than  those  of  the  corresponding 
Catocene  propellants  containing  the  same  amounts  of  iron.  Further  examination  revealed  that  the 
effect  of  0.5%  Butacene  is  approximately  equivalent  to  that  of  1%  Catocene  in  enhancing  bum  rates. 

As  noted  before,  Butacene  contains  a  ferrocenic  derivative  chemically  bonded  onto  the  HTPB 
polymer  backbone.^^  The  substantial  bum  rate  augmentation  of  Butacene  propellants  compared  to 
Catocene  propellants  suggests  that  the  ferrocenic  catalyst  functions  more  effectively  when  it  is  firmly 
immobilised  in  the  binder.  As  advised  by  a  reviewer  of  the  paper,  for  a  given  iron  concentration  in 
the  binder  the  difference  in  bum  rates  observed  can  be  attributed  at  least  partly,  and  probably  mostly, 
to  the  presence  of  silicium,  a  well-known  bum  rate  catalyst  in  Butacene  (one  silicon  atom  for  every 
ferrocene  group). 

Evidence  for  the  ferrocenic  catalysts  acting  in  the  binder  and  the  mechanistic  sites  of  the  ferrocene 
catalysis  will  be  discussed  in  the  following  sections. 


Active  Sites  of  Ferrocene  Catalysis  in  AP/HTPB  Propellant  Combustion 

In  the  present  study,  the  combined  experimental  data  give  evidence  that  the  potential  sites  of  the 
ferrocenic  catalysts  are  in  the  binder,  which  enhance  reactions  between  the  binder  HTPB  and  oxidiser 
AP  at  the  binder/oxidiser  interface,  or  possibly  promote  the  pyrolysis  of  the  binder.  The  interfacial 
reactions  and  the  binder  pyrolysis  were  likely  to  occur  on  the  surface/sub-surface  of  the  burning 
propellant.  The  experimental  evidence  consists  of  the  following. 

(i)  Enhanced  bum  rates  of  the  Butacene  propellants  over  the  Catocene  propellants 

(ii)  Iron  containing  particles  observed  in  the  HTPB  binder  of  the  quenched  propellant  surface 

(iii)  Domed,  protruding  (sometimes  apparently  intact)  shape  of  AP  particle  surface 

(iv)  Undercutting  along  the  boundary  of  surface  AP  particles. 

The  arguments  support  the  logic  that  the  condensed-phase  reaction  products  readily  energise  the 
primary  diffusion  flame  (see  later).  There  was  no  evidence  suggesting  that  the  catalyst  acts  in  the 
oxidiser  to  promote  surface  AP  decomposition  reactions. 

(/)  Enhanced  bum  rates  of  Butacene  propellants.  Catocene  itself  is  a  good  bum  rate  enhancing 
catalyst,  but  Butacene  promotes  even  higher  bum  rates.  This  clearly  indicates  the  ferrocenic  catalyst 
functions  more  effectively  when  it  is  firmly  bonded  to  the  binder.  Thus  the  catalytically  active  sites 
are  likely  to  be  in  the  binder. 

(ii)  Iron  particles  observed  in  the  binder.  The  SEM  X-ray  elemental  image  analysis  indicated  the 
presence  of  iron  containing  prides  dispersed  in  the  binder  of  the  quenched  Catocene  propellant  (see 
Figure  4).  X-ray  photoelectron  spectroscopy  of  the  same  quenched  propellant  sample  confirmed  the 
existence  of  iron  oxide,  Fe203  and/or  Fe304. 

Oxidation  of  ferrocene  and  n-butylferrocene  catalysts  in  burning  propellants  was  found  to  yield  finely 
divided  iron  (IE)  oxide.^^  According  to  Price  and  Sambamurthi,^^  iron  oxide  catalyzes  the 
decomposition  of  fuel  binders  to  more  easily  oxidisable  forms,  thereby  bringing  the  primary  diffusion 
flame  closer  to  the  surface  and  enhancing  the  bum  rates.  Using  a  different  type  of  binder  (i.e.  PBAN) 


in  sandwich  burning  studies,  Price^^  also  reported  concentrations  of  iron  containing  residue  (from 
Catocene  catalyst)  in  the  binder  surface. 


(a)  (b) 

Figure  4.  SEM  photographs  (a)  showing  the  quenched  propellant  surface  at  2  MPa, 
and  (b)  the  corresponding  X-ray  elemental  image  analysis  showing  iron  particles 
dispersed  in  the  binder  of  the  same  sample. 


Further  support  can  be  gained  from  other  studies.  Wang^~  observed  the  dispersed  iron  compound  on 
the  burning  surface  of  HTPB/AP  propellants  and  suggested  that  the  iron-containing  catalysts  serves  as 
a  source  generating  in-situ  thermally  stable  a-Fe203  particles  (>1000°C)  which  eject  into  the  flame 
as  the  possible  active  sites.  Lengelle  et  al.  suggested  that  iron  oxide  increases  propellant  bum  rates 
by  increasing  the  heat  flux  and  through  direct  contact  with  the  binder. 

In  the  present  study,  all  the  combined  evidence  (i.e.  enhanced  bum  rates  of  Butacene  propellants, 
dispersed  iron  compounds  in  the  binder  phase,  and  the  observed  reactivities  on  the  binder  surface) 
indicate  that  the  dominant  active  sites  of  the  ferrocene  catalyst  are  in  the  binder,  either  to  enhance  the 
binder  pyrolysis, or  to  promote  binder/oxidiser  reactions  along  the  AP/binder  interface  (see 
below).  Other  possible  active  sites  could  be  in  the  primary  diffusion  flame,  as  Wang^"  suggested 
above. 

(Hi)  The  domed,  convex  shape  of  AP  particle  surface.  For  the  Catocene  propellants  and  Butacene 
propellants,  the  shape  of  surface  AP  particles  is  domed,  and  the  particles  protmde  from  the  propellant 
regressing  surface.  The  AP  was  lagging  behind  the  flame  front.  In  some  instances,  the  surface  of  the 
AP  particles  (for  both  particle  sizes  400  and  80  pm)  was  domed,  and  appeared  almost  intact. 
However,  intense  surface  reactivities  were  observed  on  the  binder,  particularly  along  the  binder/ AP 
interface,  as  indicated  by  white,  frothy  areas  spreading  widely  on  the  binder  surface  (see  Figure  5b). 
There  was  little  evidence  of  any  significant  AP  surface  reactivities.^"^ 

In  sharp  contrast,  for  the  propellants  without  catalyst,  the  AP  particle  surface  (particle  sizes  400  and 
80  pm)  was  concave  (i.e.  dish-like),  with  strong  surface  reactivities  near  the  middle  of  the  AP 
particles  (see  Figure  5a).  Yet  the  bum  rates  of  the  catalysed  propellant  were  enhanced  over  the 
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propellant  containing  no  catalyst.  Thus  the  ferrocenic  catalyst  enhances  the  propellant  bum  rates,  but 
does  not  promote  surface  decomposition  reactions  of  the  AP.  The  catalyst  action  sites  are  most  likely 
in  the  binder,  not  in  the  AP. 


200  pm  250  pm 


(a)  (b) 

Figure  5.  SEM  photographs  of  the  propellant  quenched  at  2  MPa: 

(a)  without  catalyst,  and  (b)  containing  the  Catocene  catalyst. 

Theoretical  calculations  by  Bilger,  Jia,  and  Nguyen^^  in  parallel  with  the  present  experiments 
confirmed  that  in  the  Catocene  propellant  the  binder  bums  faster  than  the  AP  particle  surface  at  both 
low  (2  MPa)  and  high  (7  MPa)  pressures.  Jia  and  Bilger^^  concluded  that  it  is  the  diffusion  process 
which  has  a  strong  influence  on  the  combustion  of  mid-sized  AP  (e.g.  20  and  200  pm)  and  HTPB 
binder,  while  the  combustion  of  coarse-sized  AP  (e.g.  400  pm)  simply  behaves  like  monopropellant 
AP  combustion. 

(iv)  Undercuttings  along  the  AP  particle  boundaries.  The  present  SEM  evidence  shows 
undercuttings  around  the  surface  AP  particles  (see  Fig  2).  The  intensity  of  the  undercutting  appeared 
to  be  pressure  dependent,  and  it  was  more  pronounced  at  low  pressures.  This  observation  has  been 
described  previously  in  both  propellant-like  sandwich  systems/’^^  and  in  actual  propellants.^^'^"^’^^’^^ 

The  undercutting  is  attributed  to  catalysed  AP/binder  heterogeneous  reactions  along  the  interface,  in 
agreement  with  more  recent  studies  by  Krishnan^^"^"^  and  Wang^^  for  similarly  catalysed  propellant 
systems.  For  propellants  containing  no  catalyst,  undercutting  along  the  interface  and  domed  AP 
particles  were  also  observed,  but  they  were  interpreted  as  indicating  no  interfacial  binder/AP 
reactions.^^ 

Using  a  different  type  of  binder  (i.e.  PB  AN)  in  propellant-like  sandwich  burning.  Price  contended  that 
catalysts,  including  copper  chromite,  iron  oxide  and  Catocene,  do  not  promote  interfacial 
binder/oxidiser  reactions,  nor  enhance  AP  decomposition;  but  they  may  catalyse  binder  pyrolysis 
because  of  the  observed  concentrations  of  iron  oxide  residue  (from  the  Catocene  catalyst)  in  the 
binder  laminates.^ ^  The  different  experimental  conditions  employed  in  the  earlier  studies  (different 
binders,  AP  sizes  and  modes,  and  AP/binder  ratios)  would  preclude  attempts  for  any  valid  comparison 
with  the  present  study. 
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Primary  Diffusion  Flame  Control 

The  evidence  presented  above  suggests  that  possibly  dominant  sites  for  the  ferrocenic  catalyst  are  in 
the  binder,  not  in  the  AP,  to  promote  the  heterogeneous  binder/AP  reactions  along  the  AP  particle 
boundaries.  Such  reactions  at  the  interface  would  catalyse  the  primary  diffusion  flame  because  of  the 
close  proximity  of  the  flame  to  the  interface.  The  final  diffusion  flame  would  be  too  far  away  from  the 
burning  surface,  whereas  the  AP  monopropellant  flame  would  be  geometrically  inaccessible  to  the 
catalyst  particles. 

Another  factor  enhancing  the  interaction  between  the  primary  diffusion  flame  and  the  interfacial 
binder/oxidiser  reaction  products  is  that  the  shape  of  the  primary  flame  closes  over  the  binder, 
flipping  across  the  binder/oxidiser  boundary. As  the  combustion  reaches  a  steady  state,  the  AP 
particle  is  exposed  to  a  more  oxidiser-rich  environment,  and  the  primary  flame  shape  will  no  longer 
close  over  the  oxidiser  crystal  as  in  the  case  of  a  fuel-rich  environment  existing  in  the  initial  stage  of 
the  combustion. The  importance  of  such  configuration  of  the  primary  diffusion  flame  has  recently 
been  re-affirmed  by  Beckstead.^^ 

The  domed,  convex  shape  of  the  AP  particle  surface  together  with  the  undercutting  along  the  AP 
particle  boundaries  suggest  that  the  dominant  heat  feedback  to  the  burning  surface  is  from  the  primary 
diffusion  flame.  Most  of  the  heterogeneous  reaction  products  between  the  binder  and  the  AP  would  be 
readily  fed  into  the  primary  flame.  If  AP  condensed-phase  decomposition  reactions  had  been  of 
significance,  these  reaction  products  would  have  energised  the  AP  monopropellant  flame  directly 
above  the  AP  particle  surface  which  would  have  caused^®  the  particle  surface  shape  to  be  recessed  at 
the  middle,  rather  than  domed  and  protruding  as  consistently  observed  in  the  present  study. 

To  rationalise  the  combined  experimental  evidence  available  from  the  present  study,  a  combustion 
flame  model,  based  on  the  original  multiple  flame  model^^,  for  the  ferrocene-catalysed  AP/HTPB 
propellant  combustion  is  proposed  (Figure  6). 


Figure  6.  Combustion  flame  model  of  the  ferrocene-catalysed  propellant  showing 
the  domed,  protruding  surface  of  the  AP  particle,  catalyst-promoted  undercuttings 
along  the  oxidiser/binder  interface,  and  the  primary  diffusion  flame  flipping  across 

the  interface. 
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The  present  model  incorporates  a  domed  AP  particle  surface,  catalyst-promoted  undercuttings  along 
the  AP/binder  interface,  and  the  primary  diffusion  flame  bending  across  the  interface. 

In  reviewing  the  mechanisms  and  models  of  bum  rate  temperature  sensitivity,  Cohen  and  Flanigan^^ 
concluded  that  diffusion  flame  control  is  less  temperature  sensitive  than  AP  flame  control.  This 
notion  is  consistent  with  the  theoretical  view  that  the  diffusion  process  is  less  temperature  sensitive 
than  the  kinetic  process,  bearing  in  mind  that  the  AP  flame  is  a  kinetically  limited  flame.  Diffusion 
flame  control  is,  therefore,  the  desirable  mechanism  for  bum  rate  temperature  sensitivity,  and  this  has 
been  borne  out  in  the  present  study. 


Reduced  Burn  Rate  Temperature  Sensitivity 

The  contention"*^  that  the  ferrocene-catalysed  combustion  is  diffusion  flame  controlled  was  supported 
by  the  present  results  on  the  temperature  sensitivity  of  propellant  bum  rates.  The  effect  of  the  added 
catalysts  Catocene  and  Butacene  was  to  lower  the  bum  rate  temperature  sensitivity  of  the  HTPB/AP 
propellant.  The  lowering  of  Qp  appeared  to  be  a  tme  reduction  and  not  an  artifact  associated  with  a 
lowering  of  the  pressure  exponent,"*^  because  the  pressure  exponents  of  the  catalysed  propellants  were 
measured  to  be  practically  unchanged.'*^ 


CONCLUSION 


The  present  study  on  HTPB/AP  propellants  containing  ferrocenic  catalysts  has  shed  new  light  on  the 
ferrocene-catalysed  combustion.  The  combined  experimental  evidence  suggest  that  the  potentially 
dominant  sites  of  the  catalyst  are  in  the  binder,  to  catalyse  the  reactions  between  the  binder  and 
oxidiser  at  the  binder/oxidiser  interface,  or  to  promote  the  pyrolysis  of  the  binder  itself.  There  could 
be,  possibly  to  a  much  less  extent,  active  sites  formed  by  iron  particles  ejected  into  the  primaiy 
diffusion  flame.  There  is  little  evidence  of  the  ferrocenic  catalyst  enhancing  the  surface 
decomposition  of  AP.  Under  the  burning  surface  conditions,  and  due  to  the  close  proximity  of  the 
primary  flame  to  the  interface,  the  combustion  is  controlled  by  the  primary  diffusion  flame. 

The  mechanistic  scheme  proposed  may  be  specific  to  the  ferrocenic  catalyst  or  at  least  iron-containing 
catalysts,  and  further  studies  are  warranted  for  other  metal-containing  additives. 
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EXPERIMENTAL  STUDIES  OF  ALUMINUM  AGGLOMERATION 
IN  SOLID  ROCKET  MOTORS 

By  J.  DUTERQUE 

Energetics  Department  ONERA  -  FRANCE 

ABSTRACT:  In  a  solid  propellant  containing  an  inert  binder  (polybutadiene),  an  oxidizer  (ammonium 
perchlorate)  and  aluminum  (15/  20%),  A1  is  introduced  during  the  propellant  formulation  as  single 
particles,  the  median  diameter  of  which  is  typically  between  5  and  40  microns.  During  the  propellant 
combustion,  some  of  the  aluminum  particles  leave  the  combustion  surfece  without  agglomeration,  while 
others  coalesce  and  give  globules,  with  diameters  very  different  from  the  initial  particle  sizes.  The 
relative  proportions  of  unagglomerated  particles  and  globules  are  poorly  known. 

The  diameter  and  the  mass  fraction  of  large  globules  which  leave  the  combustion  surface 
immediately  govern  the  A1  combustion  time  and  the  diameter  and  mass  fraction  of  the  large  AI2O3  caps. 
Understanding  of  this  last  point  is  essential  for  large  motors  because  these  residues  are  liable  to  form 
AI2O3  slag  which  accumulates  at  the  motor  aft  end. 

The  experimental  set-up  is  a  pressurizable  bomb  (<10  MPa).  The  sample  combustion  surface 
is  filmed  with  a  high  speed  camera  (^  2000  frs).  Film  utilization  allows  the  determination  of  A1  globule 
diameters  just  before  ignition.  For  a  classical  composite  propellant,  a  median  value  of  125  pm  was 
found,  the  combustion  pressure  being  4  MPa,  By  modifying  some  parameters  (propellant  formulation, 
combustion  pressure),  some  fectors  able  to  modify  the  globule  size  were  determined. 


NOMENCLATURE: 

Aq,  Ap  aluminum  agglomeration  mass  fraction  (  mass  of  agglomerated  Al/  mass  of  total  Al) 

D:  particle  diameter  (pm) 

dp!  thermal  diSusivity  (mm2/s) 

f:  mass  fraction 

paG:  large  AP  particles 

paF:  fine  AP  particles 

R^:  propellant  burning  rate  (mm/s) 

T:  temperature  (K) 

Tjeac,:  residence  time(s) 

p:  mass  volumic  (mg/mm3) 


INTRODUCTION 

Many  large  solid  rocket  motors  use  aluminized  propellants  and  submerged  nozzles.  The  positive 
effect  is  to  increase  energetic  performance  (aluminum  combustion  allows  an  increase  in  combustion 
temperature  and  the  submerged  nozzle  improves  the  loading  factor  of  the  motor).  The  negative  effect 
is  slag  formation  at  the  motor  aft  end.  Recently,  M.  Salita^  has  reviewed  the  problems  related  to  the 
slag  generatioa  Most  of  the  liquid  and  gaseous  combustion  products  are  swept  along  by  the  flow  stream 
and  are  ejected  through  the  nozzle  throat,  but  a  part  of  the  liquid  residues  (alumina  droplets)  are  trapped 
behind  the  submerged  nozzle.  This  entrapment  occurs  by  impingement  on  the  backfhce  of  the  nozzle 
or  by  capture  in  a  recirculation  zone  (Figure  1).  Slag  reduces  motor  performance  and  has  been 
postulated  to  cause  excessive  erosion  of  aft-dome  insulation.  Also,  a  surprising  dispersion  of  slag 
weight  has  occurred  in  many  motors.  For  example,  the  measured  slag  weight  for  statically  fired  Space 
Shuttle  Boosters  (High  Performance  Motor  version  )  varied  between  426  and  1407  kg.  One  of  the 
important  factors  liable  to  act  upon  the  entrapment  of  the  droplets  is  the  droplet  diameter,  because,  in 
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a  two  phase  flow,  the  large  particles  do  not  follow  the  stream  lines.  Any  attempt  to  reduce  the  slag 
mass  needs  control  of  the  alumina  particle  size. 

In  a  solid  propellant  containing  an  inert  binder  (polybutadiene),  an  oxidizer  (ammonium 
p>erchlorate)  and  aluminum  (15/  20%),  A1  is  introduced  during  the  propellant  formulation  as  single-size 
particles,  the  median  diameter  of  which  is  typically  between  5  and  40  microns.  During  the  propellant 
combustion,  some  of  part  of  the  aluminum  particles  leaves  the  combustion  surface  without 
agglomerating,  the  others  one  coalesce  and  give  globules,  with  diameters  very  different  from  the  initial 
particle  sizes.  The  relative  proportions  of  unagglomerated  particles  and  globules  are  poorly  known. 
After  ignition,  A1  bums  in  the  gas  phase  and  the  combustion  time  is  strongly  dependent  on  the  initial 
diameter  (JT  law).  Tte  condensed  products  of  A1  combustion  are  mostly  alumina  which  is  found  with 
a  bimodal  repartition  The  first  mode  consists  of  sub  or  micronic  AI2O3  produced  by  the  gas  phase 
combustion  of  Al.  The  second  one  (40/60  pm)  comes  fix>m  the  AI2O3  protecting  layer  around  the  A1 
particles.  This  layer  melts  at  the  ignition  time  to  give  a  cap  attached  to  the  globule  suriace.The  cap  size 
increases  during  agglomeration  or  combustion.  A  sketch  of  these  processes  is  presented  in  Figure  2. 

The  repartitions  given  in  the  literature  (  a  survey  of  recent  AI2O3  droplet  data  is  given  in 
Reference  3)  between  large  and  fine  alumina  particles  are  not  coherent.  There  is  a  strong  dependeixe 
on  the  experimental  set  up.  For  propellant  sample  tests  (quitch  bomb^),  die  results  give  a  majority  (70  - 
80%)  of  fine  particles  (<  5pm).  The  median  diameter  of  large  particles  is  between  40  and  50  pm.  With 
a  dry  bomb,  Blomshield  ^  gets  about  the  same  percentage  of  fine  particles,  but  he  finds  an  intermediary 
class  at  20-25  pm  and  the  median  diameter  of  large  particles  is  about  100  pm.  Results  obtained  in 
micromotor  tests  are  also  scattered.  Reference  (2)  gives  90%  of  large  particles  compared  to  1 0%  in 
Reference  (4). 

In  order  to  evaluate  these  different  results,  it  seems  necessary  to  have  a  good  knowledge  of  the 
aluminum  globule  size  repartition  just  after  they  leave  the  combustion  surfece  and  just  before  ignition. 
Moreover,  the  comprehension  of  the  agglomeration  mechanism  would  be  useful  in  order  to  decrease 
the  mean  globule  size. 


Figure  1 .  Scenario  of  slag  accumulation  Figure  2.  Scheme  of  Al  agglomeration  and  Al  combustion 
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BACKGROUND 


Agglomeration  Fraction 

During  propellant  combustion,  some  aluminum  particles  emerge  from  the  surface  and  enter  into 
the  gas  phase  at  their  original  size  (parent  particles),  while  others  will  agglomerate  into  a  much  larger 
size.  The  main  points  are  firstly,  the  mass  fraction  of  agglomerated  aluminum  and  secondly,  the  size 
distribution  of  agglomerated  aluminum. 

Concerning  the  first  point  Beckstead^  and  Cohen®  suggested  two  correlations  based  on 
experimental  results.  In  the  two  cases,  the  data  base  ^  was  the  same  (AP/Al/HTPB  propellant).  The 
main  parameter  was  the  ratio  between  fine  and  large  AP  particles  (f  /  fpac  )•  The  total  AP  mass 
fraction  (f  ^j)  was  70%.  For  some  tests,  combustion  pressure  and  aluminum  size  were  modified; 
aluminum  mass  fraction  was  1 8%  . 

Beckstead’s  correlation 


Ao=.0005D^^,f - ^ 

1  +80(-^)2 


Cohen's  correlation: 


At  =-^((.38L/7Dp,s-1 .61 

'paT 


+4.13) 


Ao=AU.479LnD 


paG 


_^{2.01  -.48LnD„e) -1.964 
100  ^ 


Cohen  suggested  a  more  complex  equation,  because  he  believes  that  important  effects  of  AP 
fine  particles  are  not  taken  into  account  by  Beckstead’s  correlation.  Moreover  he  provided  correction 
formulas  for  pressure  and  aluminum  size  variations. 

As  the  propellant  used  in  the  two  cases  contained  the  same  A1  mass  fraction,  this  factor  does  not 
enter  in  the  correlations. 

If  we  apply  these  correlations  to  different  propellant  compositions  (Table  1),  we  note  very 
strong  differences  depending  on  the  propellant  composition: 

-  Aq  is  more  dependent  on  the  mass  ratio  of  fine  particles  than  their  sizes, 

-  Aq  depends  on  the  large  AP  particle  sizes, 

-  for  high  Aq  there  is  no  difference  between  the  two  correlations, 

-  for  low  A^,  Beckstead’s  results  are  lower  than  Cohen’s,  but  probably,  experimental  results 
of  Reference  9  are  not  sufficiently  precise  to  discriminate  between  the  two  correlations. 
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Table  1 

Aq  as  function  of  the  Propellant  Compositions 


Propellant 

Shuttle 

Aerojet 

French 

Comp. 

904118 

French 

Comp. 

MY9406 

binder 

14% 

12% 

12% 

12% 

Aluminum 

16%  (23  pm) 

18%(23nm) 

18%  (30pm) 

18%(15nm) 

AP 

200pm  48.8% 

200  pm 

64% 

47% 

200nni  (58%) 

100  pm 
(50%) 

30pm  20.8% 

6  pm 

6% 

23% 

10  pm  (10%) 

10nm(18%) 

test 

pressure 

(MPa) 

3.6 

4.42 

4 

3 

burning 

rate 

(mm/s) 

8.8 

Unknown 

7 

8.4 

A^  (Cohen) 

25% 

49% 

24% 

45% 

17% 

Ao 

(Beckstead) 

17% 

46% 

17% 

42% 

10% 

One  point  of  interest  in  these  results  is  to  emphasize  the  importance  of  the  composition  on 
the  mass  agglomeration  fraction  and  probably  on  the  slag  mass.  For  propellants  with  ^proximately 
the  same  global  AP  mass  fraction,  it  is  possible  to  modify  A^,  just  by  modifying  the  ratio  AP  f/APq 
and/or  the  AP  ^  size. 

In  parallel  with  the  empirical  correlation,  Cohen  has  developed  an  analytical  model  (pocket 
model)  to  obtain  A^.  It  is  assumed  that  the  large  AP  particles  are  regularly  distributed  in  the 
propellant.  The  pockets  formed  between  these  particles  are  filled  with  binder,  fine  AP  particles  and 
aluminum  (see  fig.  2).  Cohen  defines  as  many  free  volumes  (enclosed  in  each  other)  as  there  are  large 
AP  particles  size  modes.  The  diameter  of  the  smallest  volume  obtained  is  the  diameter  of  the  cluster 
as  long  as  the  AP  particle  is  notably  bigger  than  that  of  the  aluminum.  These  are  aluminum  particles, 
enclosed  in  a  pocket,  which  are  involved  in  the  agglomeration  process.  By  knowing  the  propellant 
composition  and  the  different  particle  sizes,  it  is  easy  to  determine  the  aluminum  mass  contained  in 
each  free  volume  defined  by  AP  particles.  It  is  hypothesized  that  the  fraction  agglomerated  is 
proportional  to  the  amount  of  aluminum  that  melts  within  an  effective  pocket. 

To  determine  the  melted  fraction,  Cohen  supposes  that  in  each  pocket  Al  particles  fell 
according  to  a  certain  distribution  (possibly  different  from  the  propellant  distribution).  The  basic  idea 
is  that,  during  the  surface  regression,  Al  particles  go  across  the  thermal  profile  established  in  the 
binder.  Because  there  is  a  temperature  gradient  between  binder  and  charges,  the  particles  reach  the 
binder  temperature  after  a  certain  time.  This  time,  proportional  to  the  square  diameter,  has  to 
conpare  with  the  residence  tnne  of  the  particle  (function  of  the  burning  rate).  From  this  comparison, 
Cohen  determines  a  melting  critical  diameter.  All  aluminum  particles  below  this  diameter  melt; 
unmelted  particles  leave  the  surface  without  agglomeration.  The  problem,  according  to  Cohen,  is 
that  the  aluminum  size  distribution  in  the  pocket  is  unknown.  This  is  why  he  does  not  compare  the 
model  with  experimental  results. 
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Aluminum  Size  Distribution 


A  number  of  different  analytical  models  have  been  proposed  to  determine  the  A1 
agglomeration  process  and  the  AI  globule  size  in  composite  propellants.  A  review  is  given  in 
Reference  14  .  All  these  models  start  from  the  original  idea,  which  is  that  the  aluminum  particles  are 
enclosed  in  pockets  formed  by  the  coarse  AP  particles.  The  models  differ  mainly  in  the  choice  of 
fusion  criterion,  but  they  tend  towards  the  same  results.  The  decrease  in  globule  sizes  is  given  by: 

-  the  increase  in  AP  mass  fraction,  the  fine  AP  diameter,  fine  AP/large  AP  ratio, 

-  the  decrease  in  large  AP  diameter, 

-  the  increase  in  burning  rate. 

The  only  conflict,  between  the  models,  is  the  effect  of  aluminum  initial  diameter. 

Unfortunately,  these  models  are  rarely  compared  with  usable  experimental  results;  perhaps, 
it  is  difficult  to  get  vduable  data  to  define  the  temperature  criterion?  This  is  why,  in  the  codes  where 
the  globule  sizes  are  necessary,  empirical  correlations  are  used  (Table  2). 

Table  2 

Aluminum  Agglomeration  Correlations 


D  (microns),  R^,  (mm/s) 

author 

correlation 

propellant 

comments 

Hermsen 

P,  907.43 

AP  400-200-8  pm  68% 

f  :mass  fracion  of  total  AP 

(15) 

D  = 

PBAN  binder  16% 

experimental  data 

Liu 

(16) 

146.5 

RJap^ 

AP  400-200-90-15  pm 
RDX  10-50-15  pm 
PBHT  binder  -  Al  6  pm 

f :  mass  fraction  of  total  AP 

Salita 

shuttle  propellant 

f :  mass  fraction  of  Al  +  AP 

(3) 

D 

table  1 

experimental  data 

These  correlations  take  into  account  the  burning  rate,  but  only  make  use  of  experimental 
results  without  physical  interpretation.  None  of  these  three  formulas  consider  the  aluminum 
concentration.  Using  the  geometric  bases  of  the  pocket  model,  ONERA  tried  to  consider  these  two 
points  (influence  of  the  burning  rate  and  Al  concentration).  Some  tests  were  carried  out  with 
propellants  904118  and  MY  9406  (Table  1).  As  the  agglomeration  process  is  a  surface  phenomenon 
(just  below  and  just  above),  it  is  probably  independent  of  the  gas  flow  field  in  the  motor,  except 
perhaps  in  erosive  conditions,  so  it  is  believed  that  sample  tests  are  representative. 
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EXPERIMENTAL  RESULTS 


Experimental  Set-up 


16  mm 

Hycam  camera 


Conaens«f  xwon  l»„p 


Leak  adjustment 


Dr^n 


'  1 

Power 

* _ 

1 

— L_l _ 

Remote  cowoi 

supply 

Programming 

Power 

supply 

Recorder 

Pressoriz^on 

Ignition 

Time  base 

Dr^ng 

Rg.  3  -  Visualization  setup. 


The  test  set-up  (Fig.  3)  is  a  pressurizable  chamber  with  pressure  control  up  to  10  MPa  and 
specially  designed  for  visualisations..  A  small  sample  of  propellant  (5  x  5  x  0.8  mm)  is  placed  on  a 
support  and  ignited  by  a  hot  wire.  The  comlxistion  surface  is  filmed  with  a  high  speed  camera  (1000 
to  5000  Ps);  this  camera  can  be  fitted  with  a  normal  or  a  microscopic  objective  lens.  The  exposure 
time  can  be  varied  down  to  as  little  as  2  10'^  s.  Tlie  film  exploitation  allows  one  to  count  and  to 
measure  the  aluminum  globules  just  before  ignition.  For  each  test  between  50  and  80  particles  were 
counted.  As  the  depth  of  the  optical  field  is  narrow,  not  the  total  of  the  globules  were  counted. 
Moreover,  the  resolution  of  the  optical  device  does  not  permit  distinguishing  particles  under  20-30 
pm.  This  set-up  allows  one  to  get  the  size  distribution  but  not  the  agglomeration  fi*action  (AJ.  So, 
by  modifying  the  sample  holder  the  particles  are  quenched  in  an  alcoholic  bath  just  after  they  leave 
the  combustion  surface.  During  a  test,  the  distance  of  the  combustion  surfoce  to  the  bath  varied 
fi-om  4  to  8  mm.  After  that,  particles  were  studied  by  scanning  electronic  microscopy.  For  a  few 
tests,  a  size  distribution  was  measured  with  a  Malvern  granuloraeter. 

Results 

In  Figure  4,  globule  size  distributions  for  different  test  pressures  (0.2-4  MPa)  are  presented. 
Evolution  of  the  median  number  diameter  with  the  pressure  is  clearly  seen.  In  fact,  as  the  propellant 


698 


cumulate  number  percentage  ^  cumulate  number  percentage 


propellant  904118 


120  130  140  150  160  170  180 


Pressure  Influence  on  Globule  Size 


Figure  5.  Comparative  Evolution  of  Globule 
Diameter  with  the  Residence  Time  and  b.rate 


50  100  150  200  0  20  40  60 


Figure  7,  Measurement  Correlation 

Figure  6.  Formulation  Influence  on  Globule 


was  the  same  (9041 1 8),  it  is  purely  the  burning  rate  effect  on  the  globule  size.  One  point  of  interest 
is  that  distribution  heterogeneity  increases  as  the  burning  rate  diminishes.  Another  point  is  that, 
except  for  the  lowest  pressure,  the  minimal  diameter  (about  100  pm)  is  independent  of  the  pressure 
(for  ail  pressures,  more  than  90%  of  globules  have  a  diameter  above  1 10pm). 

We  have  also  measured  the  residence  time  of  the  agglomerates  at  the  surfece  (time  between 
the  appearance  of  aluminum  particles  and  the  melting  process). There  are  noticeable  dispersions  in 
the  measurements,  but  a  true  evolution  with  the  burning  rate  is  observed.  In  Figure  5,  it  is  seen  that 
the  globule  diameter  is  proportional  to  the  residence  time  and,  except  for  the  lowest  burning  rates, 
approximately  inversely  proportional  to  the  burning  rate.  Results  are  recapitulated  in  Table  3. 

For  another  propellant  (MY  9406),  where  the  sizes  and  the  fine/large  AP  particles  ratio  were 
modified,  results  (Figure  6)  give  a  mean  diameter  notably  smaller  (80  pm  -  3MPa  -  8.5  mm/s). 

This  set  of  results  was  interpreted  by  using  the  geometric  conditions  of  the  pocket  model. 
Aluminum  particles  (with  binder  and  fine  AP  particles)  are  included  in  the  free  volumes  between 
large  AP  particles.  Knowing  the  propellant  formulation,  it  is  possible  to  compute  the  mass  of 
aluminum  included  in  each  pocket  (details  of  this  computation  are  given  in  Reference  14). 

Table  3 

9041 1 8  propellant 


test  pressure 
(MPa) 

burning  rate 
(cm/s) 

globule  median 
diameter  (pm) 

mean  residerx^e 
time  (ms) 

dispersion 

(ms) 

4 

0.7 

125 

2.4 

1-5 

3 

0.635 

138 

2.81 

1-5 

1.5 

0.5 

150 

3.54 

1  -5 

0.2 

0.27 

170 

4.6 

1  -  10 

From  this  mass,  we  determine  a  potential  diameter  of  the  agglomerate; 


OporC 


^aPps 

^p@gPaj 


(1) 


We  have  correlated  the  results  of  Table  3  with  this  potential  diameter  and,  taking  into 
account  the  experimental  burning  rate  effect,  we  obtain  (Figure  7): 

D-2.42D_— ^+80.26 

(2) 


In  this  equation  D  is  in  microns  and  the  burning  rate  in  mm/s.  The  reference  burning  rate  (to 
homogenize  the  equation)  is  1  mm/s. 

Other  available  results  are  plotted  on  the  same  figure.  Shuttle  and  MY  9406  propellants 
are  in  good  agreement  with  the  correlation,  Willoughby's  results  are  more  dispersed,  but  the 
tendency  remains  very  correct.  The  two  most  dispersed  values  correspond  to  a  propellant  containing 
very  large  AP  particles  (400pm). 
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250  fj.m 

Figure  8.  Globule  Formation  (0.2  MPa) 


Figure  9  Correlation  Between  Exp.  Diameters  and 
Computed  Diameters  (from  n  pockets  connection) 


The  film  study  shows  (Figure  8)  that  the  agglomerates  are  trapped  on  the  surfece  during  a 
few  milliseconds  (Table  3).  This  time  must  be  compared  with  the  residence  time  of  A1  particles  in 
the  subsurfece  zone.  For  a  regressing  propellant,  the  condensed  phase  processes  have  been 
described  by  Lengelle  The  thermal  profile  is  given  by: 


hh. 


(3) 


and  the  associated  residence  time  is 


X 


(4) 


Between  surface  temperature  (T3  - 1200  K)  and  initial  temperature  (T^),  two  characteristic 
temperatures  have  to  be  considered:  the  aluminum  melting  temperature  (933  K)  and  the  binder 
temperature  degradation,  the  latter  depending  on  the  activation  energy  of  the  condensed  phase 
degradation.  With  the  data  of  Reference  18,  we  find  that  the  residence  time  of  aluminum  between 
933  and  the  surface  is  less  than  one  millisecond  (to  be  compared  with  the  4  or  5  ms  at  the  surface). 
This  time  period  is  just  sufficient  to  produce  a  softening  of  binder  and  aluminum  particles  which 
become  sintered  together  (Price  ^^),  The  main  coalescence  into  one  globule  happens  between  the 
regression  surface  and  the  gas  flame,  (Figure  8). 

A1  particles  contained  in  a  pocket  volume  are  the  basic  unit  of  agglomerates.  When  one 
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agglomerate  arrives  at  the  surface,  a  lapse  of  time  is  necessary  to  reach  ignition.  As  the  initial  Al 
particle  is  always  embedded  in  a  protective  alumina  layer,  the  ignition  temperature  is  probably  close 
to  2300K.  One  argument  in  favor  of  this  temperature  is  given  by  the  coir^arison  between  the  results 
of  a  gas  phase  temperature  profile  computation,  in  tests  conditions,  and  the  agglomerate  melting 
distance.  To  reach  2300  K,  computation  gives  about  150  pm;  the  measured  distance  (Figure  8)  is 
comprised  between  150  -200  pm. 

The  surfece  residm:e  time  will  depend  on  surface  temperature,  burning  rate  and  also  on  the 
gas  phase  temperature  profile.  If  this  time  is  long,  there  is  an  increasing  probability  for  the  few 
elementary  agglomerates  to  merge  together  and  form  a  bigger  globule.  In  Figure  9,  we  have 
correlated  the  experimental  number  diameter  distributbn  with  a  computed  diameter  defined  as  being 
that  of  an  aluminum  globule  resulting  fi*om  the  connection  between  “  n  pockets”.  We  have  obtained 
a  good  correlation  between  computed  values  and  the  most  important  distribution  peaks.  This  test 
was  specially  chosen  because  the  burning  rate  was  very  low  (0.3  cm/s  at  0.2  MPa),  so  the  residence 
time  was  long. 

The  last  studied  point  was  the  agglomeration  fraction  (A^)  by  quenching  the  agglomerates 
in  an  alcoholic  bath.  The  distance  of  the  combustion  surfece  to  the  bath  was  comprised  between  4 
to  8  mm,  corresponding  to  a  combustion  time  below  2  ms.  An  example  of  the  coUected  particles 
is  shown  in  Figure  10.  The  spherical  shape  taken  the  liquid  globule  during  combustion  (Figure 
1 1)  has  been  preserved  by  the  quench.  A  few  globules  are  superficially  cracked  (prolmbly  because 
of  the  strong  thennal  gradient);  the  number  of  exploded  globules  increases  with  pressure.  On  many 
globules  the  residual  alumina  lobe  can  be  seen;  this  lobe  is  specially  visible  in  Figinell.  If  we 
examine  the  residues  with  strong  magnification,  mdcronics  spherical  particles  are  often  visible  on  the 
surface  of  large  particles.  This  is  why  it  is  difficult  to  determine  a  size  distribution  firom  SEM 
photography.  Tfeee  tests  (9041 1 8  propellant,  4  Mpa)  were  analyzed  with  a  laser  granulometer.  The 
three  tests  give,  in  volume,  20  ±  2%  of  fine  particules  (0.05  -  5  pm).  Knowing  that  initial  aluminum 
has  a  distribution  between  5  and  100  pm,  we  postulate  that  the  fine  ones  are  combustion  products 
(alumina).  If  we  correct  this  distribution  by  the  different  specific  masses,  we  obtain  an  aliuninum 


Figure  1 0.  Quenched  Globule  (1.5  Mpa) 


500  pm 


Figure  11,  0,2  MPa 
Alumina  Cap  Visualisation 
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combustion  ratio  of  about  15%.  For  the  particles  above  5  pm,  we  observe  two  distribution  modes 
(~  20  and  100-200  pm).  The  first  one  was  supposed  to  contain  mainly  initial  aluminum  (5  -  80  pm) 
and  the  second  one  (>  80pm)  to  contain  agglomerates.  The  repartition  between  these  two  modes 
has  been  evaluated  (as  the  two  modes  are  not  separated,  it  is  just  an  estimation).  The  three  tests  give 
respectively  for  :  36,  36  and  51%  .  These  values  are  comparable  (for  the  same  propellant)  with 
the  correlations  of  Table  1,  In  the  same  way,  an  estimation  of  the  number  median  diameter  of  the 
100-200  pm  mode  gives  1 15pm,  to  be  conpared  with  the  125  pm  measured  during  the  combustion 
(we  have  taken  into  account,  the  specific  mass  differences  due  to  the  temperature  differences). 

More  information  can  be  obtained  fi'om  the  SEM  and  film  pictures,  relative  to  the  residual 
alumina  lobe.  As  shown  by  Fig.  2,  there  are  two  main  size  modes  for  the  alumina  residus  (~  1  and 
40-60  pm).  The  first  one  is  a  direct  product  of  the  A1  vapor  phase  combustion,  the  second  one 
comes  from  the  initial  AI2O3  protective  layer  around  the  A1  particle.  The  layer  thickness  depends  on 
A1  manufecture  conditions,  but  it  is  rather  low  (a  few  nanometers).  If  we  adopt  a  mean  value  (5  nm), 
it  is  possible  to  determine  the  mass  of  alumina  (and  so,  the  diameter  of  a  spherical  residue) 
contained  in  an  A1  agglomerate  (itself  formed  by  the  coalescence  of  some  initial  particles).  For  a 
125pm  agglomerate  we  find  »  15  pm  for  the  AI2O3  residue.  This  value  is  notably  lower  than 
experimental  results.  Law^°  supposes  that,  during  combustion,  a  part  of  the  fine  particles 
retrodiffuses  from  the  gas  phase  to  the  surfece.  But  another  possibility  is  that,  during  the 
agglomeration  process,  a  part  of  the  A1  is  oxidized  through  a  solid-gas  reaction.  There  are  two 
arguments  to  support  this  hypothesis.  The  first  one  is  that  aluminum,  trapped  at  the  surface  during 
a  few  milliseconds,  is  in  a  very  oxidizing  environment  (combustion  beginning);  the  second  one  is  the 
strong  thermal  gradient  around  the  agglomerate.  So,  because  the  strong  difference  between  dilatation 
coefficients  of  Al  and  AI2O3 ,  there  is  a  constant  renewal  of  the  aluminum  surfece  fevering  new 
oxidation.  In  these  conditions,  the  alumina  cap  size  of  aluminum  globules,  quenched  close  to  the 
surfece  (before  notable  combustion),  must  be  sensibly  larger  than  the  initial  1 5  pm. 

From  the  pictures  of  Fig.  10  and  1 1,  it  is  possible  to  estimate  the  alumina  cap  size,  by  supposing  the 
cap  is  the  emergent  part  of  a  two  sphere  intersection.  We  find  values  comprised  between  30  and  70 
pm.  These  measurements  are  not  very  precise,  but,  in  our  opinion,  sufficient  to  think  that  oxide  cap 
formation  is  mainly  achieved  during  agglomeration  process,  rather  than  during  combustion. 

The  final  objective  is  to  know  the  mass  fraction  of  large  alumina  residues  able  to  generate 
slags.  From  results  of  this  study,  it  is  possible  to  give  an  estimation  of  this  mass  fraction.  With  the 
following  assumptions: 

Each  large  Al  globule  gives  an  alumina  cap,  the  final  diameter  of  which  is  60  pm; 

The  mean  diameter  of  large  agglomerated  Al  globules  is  125  pm; 

The  mass  fraction  of  agglomerated  aluminum  is  40%; 
the  mass  fraction  of  large  AI2O3  residues  (60  pm)  is  about  5%.  This  estimation  is  in  agreement  with 
experimental  results  (dry  bomb),  given  by  Salita.  ^ 

CONCLUSIONS 

From  a  set  of  experimental  results,  it  is  possible  to  propose  a  physical  interpretation  of  Al 
agglomeration  process  in  solid  propellant  combustion.  The  size  of  Al  globules  depends  on  the  AP 
size  particles,  AP  mass  fraction  (especially  fine  AP-large  AP  ratio)  and  also  on  the  propellant 
burning  rate.  This  parameter  acts  by  modifying  the  surface  temperature  and  the  gas  phase  profile 
temperature,  which  modifies  the  surfece  residence  time  of  Al  agglomerates.  Some  work  is  still 
necessary  to  “model”  these  interferences,  but  a  correlation,  grouping  propellant  formulation  and 
burning  rate,  is  proposed.  Another  result  is  that  the  formation  of  large  (30-70  pm)  alumina  particles 
is  mainly  achieved  at  the  combustion  surfece  during  agglomeration  process.  This  point  must  be  taken 
into  account  in  aluminum  combustion  models.  Finally,  first  results  give  an  Al  agglomeration  fraction 
around  40%.  This  value  is  in  agreement  with  correlations  proposed  by  Beckstead  and  Cohen. 
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COMMENTS 


Carlos  Schuller,  E^TA,  Spain.  Do  you  think  that  the  efficiency  of  combustion  of  high  aluminum 
content  composite  propellants  depends  upon  the  initial  particle  size  of  the  aluminum  powder?  If  so,  is 
small  particle  size  aluminum  better  than  large  particle  size  in  achieving  better  performance  in 
ballistics? 

Author’s  Reply.  A1  combustion  efficiency  depends  on  the  ratio  between  aluminum  combustion  time 
and  residence  time  of  A1  particles  in  the  motor.  Therefore,  combustion  efficiency  is  dependent  more 
upon  the  large  A1  globules  (about  100  pm)  than  the  initial  A1  particle  size  (10-30  pm). 

The  size  of  the  large  A1  globules  depends  upon  the  size  of  large  AP  particles  and  upon  the  AP  and  A1 
mass  fraction.  Perhaps  the  agglomeration  fraction  (Ao  in  the  paper)  depends  upon  the  original 
aluminum  particle  size  (smaller  sizes  favoring  a  larger  dispersion  out  of  the  pockets  during  propellant 
formulation).  This  point  has  not  been  verified. 

Frederick  Tepper,  Argonide  Corporation,  Pittsburgh,  PA,  U.S.A.  The  particle  size  of  aluminum  does 
appear  to  affect  agglomeration,  at  least  if  the  powder  is  sub-micron.  As  I  reported  yesterday,  the 
aluminum  described  exotherms  at  about  400  °C  and  reacts  in  the  solid  phase,  and  little  aluminum  is  left 
to  agglomerate  in  the  gas  phase.  Also,  the  sub-micron  alumina  particles  are  less  likely  to  impact  the 
wall  of  the  rocket  and  accumulate  as  slag. 


705 


POLYNIMMO,  A  CANDIDATE  BINDER  FOR  SOLID  FUEL  GAS  GENERATOR 

PROPELLANTS. 


P  J  Honey,  D  W  Anderson,  G  A  Spinks,  A  V  CunlifTe,  D  A  Tod 

WX4  Department,  Defence  Research  Agency,  Fewt  Halstead,  Sevenoaks,  Kent,  TNI 4  7BP,  England. 


ABSTRACT;  An  investigation  of  polyNIMMO's  potential,  as  both  bindo”  and  oxidiser,  in  a  high 
energy  smokeless  solid  fuel  gas  generator  jMxypellant  comprised  part  of  a  UK  ramrocket  development 
programme.  The  benchmark  trial  showed  polyNIMMO's  bum  rate  was  considerably  lower  than  GAP, 
or  polyGLYN.  The  advantages  and  disadvantages  of  various  binary  mixtures  of  polyNIMMO  with 
fuels,  oxidisers,  plasticisers  and  bum  rate  catalysts  are  discussed.  The  conclusions  drawn  firom  this 
study  were  applied  to  multiple  component  polyNIMMO  fcMmulations,  with  volumetric  heat  values  of 
up  to  32200  MJ/m^  (-500  BtuAn^).  Difficulties  with  igmtability  of  fuel-rich  systems  were  observed. 
Comparison  of  the  chamber  temperature  (which  varied,  significantly,  with  pressure)  with  the  bum  rate 
proved  to  be  a  more  suitable  method  for  assessment  of  ignitability  than  the  formulations  temperature  of 
ignition.  The  relationship  obsm^ed  between  the  calculated  chamber  temperature  and  experimental  bum 
rate  will  be  discussed  in  greater  detail.  This  work  has  shown  that  the  smokeless  fuel-rich  polyNIMMO 
gas  generator  compositions  examined  possess  the  basic  characteristics  required  for  an  air-breathing 
radial-burner  motor  configuration.  Effort  is  currently  focused  on  achieving  a  smokeless  fuel-rich 
formulation  (s5:32200  MJM^)  possessing  a  high  pressure  expCHient  (~0.5-0.7)  with  a  slow,  stable, 
bum  rate  (-0.7  mm/s)  at  low  pressure  (<3  MPa). 


INTRODUCTION 

Research  programmes  are  being  undertaken  in  various  countries  on  air-breathing  rocket  motes’s 
(ramjets),  focusing  on  both  both  liquid  fuelled  ramjet  and  solid  fuel  ductal  rocket  (ramrocket)  systems. 
A  number  of  the  requirements  for  a  solid  fuel  gas  generator  for  a  ramrocket  are:  minimum  signature, 
fuel  richness  (^32200  MJAn^),  tadcoble  gas  delivery,  insensitivity  and  high  bum  rates.  To  achieve 
these  targets  the  propellants  have  mainly  been  designed  around  two  basic  configurations,  (i) 
GAP/Cai^n  and  (ii)  HTPB/AP.  The  GAP/Carbon  composition  fulfils  all  lequironcnts  whilst  the  AP 
formulations  tend  to  be  raiuced  smoke.  To  achieve  minimum  signature  for  HIPB  ccanpositc 
propellants  the  oxidiso-  AN  would  be  needed  -  the  resultant  bum  rates  would  be  either  too  slow,  or  too 
fast,  for,  respectively,  end-burner  or  radial-burner  configurations. 


The  authors  would  like  to  thank  V  Carroll  and  J  Campey  fer  the  temperatures  of  ignition  and  B  Kelso, 
A  Ross,  R  Jeffrey,  E  McLaughlin,  I  Sharp  and  G  Bruce  of  DRA  Bi^opton  for  the  strand  burning 
results. 

©  -  British  Crown  Cop5^ght,  1996/DERA.  Published  with  the  permission  of  the  Controller  of  Her 
Britannic  Majesty’s  Stationery  Office. 


706 


The  Defence  Research  Agency  are  undertaking  a  five  year  technology  research  programme  for  the 
development  of  an  appropriate  UK  ramrocket  technolo^  base.  Part  of  this  programine  was  the 
investigation  into  the  potential  of  using  polyNIMMO  in  a  high  energy  smokeless  solid  fuel  gas 
generator  propellant.  PolyNIMMO’s  potentii  is  in  the  dual  role  of  both  binder  and  oxidiser,  thus 
reducing  the  need  for  high  percentages  of  oxidisers  (which  defeats  the  high  enerp^  requirement).  A 
systematic  study  of  the  strand  bum  rates  of  binary  mixtures  of  four  types  of  additives  was  undertaken 
to  provide  a  baseline  picture  of  this  potential.  The  additives  were  various  hydrocarbon  fuels, 
oxidisers,  plasticisers  and  bum  rate  catalysts.  The  research  was  then  expanded  to  investigate  tertiary, 
quaternary  and  other  multi-component  systems  (to  produce  a  performance  matched  (32200  MJ/rn^) 
composition).  The  results  could  also,  hopefully,  be  used  to  prioritise  the  effects  of  specific  additives. 
The  strand  bum  rates  of  binary,  tertiary  and  other  multiple  component  systems  are  presented  below. 


Initially  the  data  generated  from  these  experiments  were  intended  to  address  only  the  effect  on  bum 
rates,  however,  with  the  large  quantity  produced  other  aspens  of  fuel  rich  gas  generator  propellants 
were  studied.  Difficulties  with  ignition  and  sustainable  burning  of  some  formulations,  mainly  die  very 
fuel-rich  systems,  were  observed.  A  study  of  the  temperatures  of  ignition  showed  that  similar 


formulations  followed  a  pattern  but 
significant  variations  in  composition  did 
not  seem  to  fit  any  specific  relationship. 
The  bum  rates  for  various  formulations 
compared  well  with  oxygen  balance  but 
could  not  be  related  to  sustainability  as 
the  oxygen  balance  did  not  vary  with 
pressure.  Theoretical  chamber 

temperatures  were  calculated  from  the 
compositions  thermochemistry  and  were 
seen  to  vary,  significantly,  with  pressure 
for  these  oxidiser  deficient  formulations. 
Comparison  with  the  bum  rate  data,  for 
numerous  compositions,  provided  a 
better  method  for  the  assessment  of 
formulation  ignitability.  The  simple 


relationship  observed  between  the 
calculated  chamber  temperature  and 
experimental  bum  rate  will  be  discussed 


Pressure  (MPa) 

Figure  1.  Bum  rates  of  various  energetic  binders 


in  greater  detail. 


BINDERS 

Strand  (5  x  150  mm,  d  x  1)  firings^  of  N 100  cured  polyNIMMO  provided  the  benchmark  for 
comparison  with  those  from  the  binary  mixtures.  Although  polyNIMMO  has  a  similar  volumetric  heat 
value  (denoted  here  as  ‘Oe’)  as  GAP  (Oe  =  24353  MJ/m^  (378  Btu/in')  and  Oe  =  25193  MJ/m' 
(391  Btu/in^)  respectively)  the  difference  in  chemical  structure  (see  below)  results  in  vastly  different 
bum  rates  (Figure  1).  However,  polyNIMMO's  advantage  is  that  stable  burning  can  be  achieved  at 
low  pressures  (^  2MPa).  PolyGLYN's  bum  rates  were  approximately  three  times  higher  than  for 
polyNIMMO  but  this  advantage  is  traded-off  through  the  r^uction  in  energy  (Oe  =  17685  MJ/m^, 
275  Btu/in^).  Having  determined  the  baseline  bum  rate  of  polyNIMMO  binder  a  series  of 
investigations  into  the  various  additives  was  undertaken. 


poly(3-Nitratomethyl-3-methyloxetane)  Glycidyl  Azide  Polymer  polyGlycidyl  Nitrate 
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FUELS 


The  fuels  chosen  (poly  Styrene, 
polyEthylene,  poly-a-MethylStyrene 
(PAMS),  HTPB  and  Carbon  Black) 
would  impart  to  polyNIMMO  the  extra 
energy  desired  but  without 
compromising  the  smokeless 
requirement.  The  purpose  was  to 
determine  the  advantagc^disadvantages 
of  each  fuel,  with  respea  to  percentage 
composition,  by  observing  its  effect  on 
the  bum  rate.  Thus  a  selection  of  w/w 
percentages  were  manufactured  fiom 
available  materials  and,  whw  necessary, 
milled  to  reduce  the  particle  size.  The 
results  of  the  strand  bum  rate  trials  for 
the  fuels  are  presented  in  Figures  2-6. 
Polystyrene  filled  polyNIMMO  showed 
a  si^ificant  deo-ease  in  bum  rate  but 
sustained  burning  even  at  25%  loading. 
This  was  superior  to  both  polyEthylene 
and  PAMS  which  faited  to  sustain 
burning  partially  or  completely.  HTPB 
filled  polyNIMMO  showed  ncMable 
reduction  in  bum  rme  and  was 
sustainable  at  quite  hi^  loading’s  and 
low  pressures.  The  carbon  black 
select^  (Raven  22,  nxmo-modal 
~62  nm)  did  not  seem  to  affect  the  bum 
rate  at  low  loading’s  however,  the 
maximum  was  about  22  w/w%  before 
the  comf^sition  became  too  stiff  to 
work.  Bimodal  carbon  black  could  be 
used  to  achieve  higher  filling 
volumes/cnergy  but  unsustainable 
burning  at  the  higher  levels  studied 
proved  disadvantageous.  At  15% 
loading  PAMS  and  polyStyrenc  degraded 
the  bum  rate  the  least  with  HTPB 
showing  the  greatest  abatement.  At  the 
higher  loading’s  the  order  remained  the 
same  except  the  PAMS  farmuiations 
ignited  but  failed  to  sustain  bimiing  (at  all 
pressures).  That  ignition  could  be 
achieved  suggested  that  something  was 
snuffing-out  the  burning  process  and 
was  later  identified  as  being  caused  by 
the  small  particle  size  (<30pm)  of  the 
milled  fuel.  Thus,  PAMS  loaded 
polyNIMMO  would  continue  to  be 
investigated  but  the  particle  size/bum  rate 
problem  would  have  to  be  overcome. 


OXIDISERS 

To  reduce  the  hazards  when  formulating 
the  composition  only  ammonium  nitrate 
and  ammonium  perchlOTate  oxidisers 


Figure  2.  PolyStyrenc  filled  polyNIMMO 


Figure  3.  PolyEthylene  filled  polyNIMMO 


Figure  4.  Poly-a-MethylStyrene  filled  polyNIMMO 


were  examined  Whilst  HMX,  or  RDX,  are  higher  in  energy  they  are  unlikely  to  provide  sufficient 
additional  advantage  over  ammonium  perchlorate,  or  ammonium  nitrate,  at  the  projected  low  level 


being  used  Whilst  the  colder  burning 
ammonium  nitrate  conforms  to  the  ^ 

smokeless  requirement  ammonium 
perchlorate  would  result  in  a  certain 
amount  of  smoke.  However,  at  the 
percentage  level  envisaged  in  the  final  3 
composition,  for  a  target  Oe  of  ^ 

32200  MJ/m^  the  propellant  would  be,  | 

at  worst,  reduced  smoke.  The  increase  =  2  - 

in  bum  rate  for  multi-modal  ammonium  J 

nitrate  filled  polyNIMMO  showed  1 

(Figure  7)  a  steady  progression  for  the  ^  i. 

10  and  15%  loading’s  with  the  20%  ^ 

formulation  displaying  rates  only  slightly 
higher  than  the  15%  filled  sample.  The 
multi-modal  amnKDnium  perchlorate  o  - 

formulations  (Figure  8)  differed  o 

inasmuch  that  the  major  change  occurred 


□  p-NIMMO. 

o  15%  HTPB  in  p-NIMMO. 


5  10  15  20  25  30 

Pressure  (MPa) 


between  0  and  5%  with  a  steady  Figure  5.  HTPB  fiUed  p-NlMMO 

progression  up  to  15%.  No  explanation 


can  be  offered  but  it  is  thought  that  a  size 
change,  from  the  multi-modal  form 
added,  to  a  smaller  form  is  occurring  in 
the  curing  polyNIMMO  binder. 
Assuming  the  two  oxidisers  exhibit 
different  solubility’s  they  would  thus 
show  different  bum  rate  characteristics, 
as  they  do.  For  15%  ammonium 
perchlorate  filled  pdyNIMMO  reducing 
the  AP  particle  size  gave  the  expected 
increase  in  bum  rate,  with  micronised 
(2-3pm)  exhibiting  (Figure  9)  the  fastest 
bum  rate.^ 


PLASTICISERS 


The  mechanical  properties  of  cured 
polyNIMMO  binder  are  such  that  a 
plasticiser  would  be  needed  to  achieve  a 
serviceable  low  glass  transition 
temperature.  A  selection  of  energetic 
plasticisers  are  available,  some  having 
similar,  or  greater,  Oe's  as  polyNIMMO, 
which  would  help  fulfil  the  high  energy 
requirement.  The  strand  bum  rates 
(Figure  10)  for  various  5%  plasticiser 
loaded  samples  show  only  minor 
increases  compared  to  that  of  the  baseline 
polyNIMMO  binder  rate.  MEN42 
plasticiser  (ICI)  showed  the  greatest 
increase  but  its  lower  energy  makes  the 
higher  energy  KIO  plasticiser  (Royal 
Ordnance)  more  attractive.  The  low  5% 
loading  was  only  used  to  enable 
comparison  of  the  different  plasticisers 
and  much  higher  loading's  would  be 
required  to  achieve  the  low  glass 
transition  temperature  required  for 
defence  applications. 


Pressure  (MPa) 

Figure  6.  Carbon  black  filled  polyNIMMO 


0  5  10  15  20  25  30 


Pressure  (MPa) 

Figure  7.  Ammonium  nitrate  filled  polyNIMMO 
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O  15%  Ammonimn  p^chlcwate. 

o  10%  Ammonium  po-chlorate. 

A  5%  Ammonium  perchlorate. 

□  p-NIMMO. 


BURN  RATE  CATALYSTS 


6 


The  addition  of  bum  rate  catalysts  were 
investigated  for  two  reasons;  (i)  the 
potential  increase  in  bum  rate  provided, 
and  (ii)  the  potential  stabilisation  of 
burning  at  low  pressures.  Some  of  the 
catalysts  would  however  have  the 
disadvantage  of  increasing  the 
smokiness.  The  effect  of  the  bum  rate 
catalysts  are  shown  in  Figure  11.  At 
15MPa  pressure  the  2%  basic  copper 
chromate  samples  showed  the  largest 
increase  in  bum  rate  with  catocene 
exhibiting  the  next  best  enhancement;  the 
remaining  catalysts  examined  providing 
little,  if  any,  improvement  in  bum  rate. 
At  5MPa  pressure  all  the  catalysts  failed 
to  improve  the  polyNIMMO  bum  rate 
significantly  which  suggested  that  the 
combustion  process  was  not  being 
altered  by  the  catalyst  Thus,  the  first 
aspea  has  been  proven,  albeit  at  higher 
pressures  only.  PolyNIMMO  binder 
bums  stably  at  2MPa  and  hence 
examination  of  the  effect  of  catalytic 
burning  stabilisation  needed  a 
poor-burning  fuel  filled  composition. 
Figure  12  shows  the  effect  of  basic 
copper  chromate  and  catocene  on  the 
bum  rate  of  25%  polyEthylene  filled 
polyNIMMO,  which  had  shown 
non-sustainable  burning  below  20MPa. 
Catocene  showed  a  greater  improvement 
in  both  bum  rate  and  pressure  range 
performance  than  basic  copper  chromate, 
the  converse  of  that  observed  for  the 
binary  mixture.  However,  catocene 
caus^  this  25%  polyEthylene  filled 
Ix)lyNIMMO  mixture  to  degrade  (by 
cracking)  after  only  three  weeks  at  room 
temperature.  No  such  degradation  has, 
to  date,  been  observed  for  the  basic 
copper  chromate  formulation. 
Stabilisation  of  low  pressure  burning  has 
been  achieved  for  fuel  filled  polyNIMMO 
through  using  bum  rate  catalysts, 
however  catocene  caused  unacceptable 
degradation  of  the  physical  properties. 


MULTIPLE  COMPONENT 
FORMULATIONS 


4  -| 

o  25%  Polyethylene  +  2%  Cat-  cene. 

O  25%  Polyethylene  +  2%  basic  CuCr04. 


0  -| - 1 - , - j - 1 - 1 - 1 

0  5  10  15  20  25  30 

Pressure  (MPa) 

Figure  12.  25  w/w%  Polyethylene  (plus  additives) 


Pressure  (MPa) 

The  effect  of  additives  as  binary  mixtures  Figure  13.  20  w/w%  PolyEthylene  (plus  additives) 
with  polyNIMMO  on  the  bum  rate  have 
been  studied.  Experience  with  HTPB 

composite  propellants  indicated  that  there  would  be  no  simple  translation  of  these  effects  to  multiple 
component  formulations.  The  catalyst/polyEthylene/  polyNIMMO  work  above  suggested  that 
polyNIMMO  bound  gas  generator  propellants  were  going  to  be  no  different  Using  this  work  as  a 
starting  point  for  increasing  the  number  of  components  the  effect,  on  the  bum  rate,  of  adding 
plasticiser  to  a  polyEthylene/catalyst  system  was  studied  (Figure  13). 
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As  exp)ected  the  5%  BuNENA  plasticised 
polyEthylen^  polyNIMMO  system 
showed  littte  effect  on  the  bum  rate 
compared  to  the  base  20%  polyEthylene 
formulatiCHi  (28700  MJ/m^).  The  ba^c 
copper  chromate  composition  also 
exhibited  htde  change,  which  was  not  as 
expected,  but  when  both  catalyst  and 
plasticiser  were  added  a  significant 
enhancement  in  bum  rate  was  observed, 
suggesting  a  potential  synergy. 
However,  tiie  increase  in  bum  rate 
caused  by  the  catalyst  and  plasticiso’  was 
not  enough  to  ovearome  tiie  ab^ement 
caused  by  the  polyEthylene  fuel. 

The  next  step  was  to  prepare 
compositions  of  similar  energy  to  tiie 
binary  polyEthylene  composition  but 
using  oxidiscr  (ammonium  perchlorate), 
rather  than  catalysts,  to  provide  the  bum 
rate  enhancement.  The  polyEthylene 
based  mix^  fuel  system  exarnined 
(Fig^e  14)  showed  that  a  high  level  of 
oxidiser  (to  balance  high  fuel  loading) 
provided  lower  enhancements  than  the 
higher  plasticiser  loaded  fonnulations. 
These  compositions  had  better  bum  rates 
than  polyNIMMO  (but  not  as  high  as 
desir^)  and  considerably  better  than 
equivalent  energy  lanary 

fuel^tolyNTMMO  formulations,  although 
at  lower  pressures  some  suffered 
non-sustainable  burning.  Replacement 
of  polyEthylene  with  carbon  l^ck  in  an 
effort  to  formulate  a  perframance 
matched  ammonium  peichlOTate 
composition  (i.e.  32200  MJ/n?)  showed 
(Figure  15)  that  absence  of  plasticiser 
and  higher  fuel  loading  resulted  in  a 
dramatic  abatement  of  bum  rates, 
compared  to  the  previous  series  of 
formulations.  The  pressure  exponent 
had  also  decreased,  from  that 
experienced  in  all  the  previous 
compositions,  and  was  assumed  to  have 
resulted  fiom  ammonium  perchlOTate 
dominating  the  comhjstion  process. 
Enhanced  bum  rates  have  been  achieved 
for  K  10/ammonium  perchlorate 
fonnulations  in  median  en^-gy  systems. 
The  disadvantages  of  low  bum  rates  and 
lack  of  a  high  pressure  exponent  for  the 
performance  matched  anmionium 
perchlorate  fcamulaticms  suggests  that 
ammonium  nitrate  may  offer  benefits. 


Figure  14.  Mixed  fuels  (polyEthylene)/AP/K  10 


Figure  15.  Mixed  fuels  (carbon  Wack)/AP 


Figure  16.  Effect  of  AN  on  PAMS  based  comps. 


The  initial  stage  in  investigating  ammonium  nitrate  multiple  conponent  fonnulations  was  examination 
of  improved  oxygen  balances,  for  various  fuel  filled  polyNIN^O  compositions,  vdth  Oe’s  in  the 
24100-27100  MJAn^  range.  Predetermined  concentrations  of  ammonium  nitrate  were  added  to 
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-ISw/w^  PAMS,  polystyrene  and  HTPB  filled  polyNIMMO  formulations  to  give  oxygen  balances 
between  the  15%  fuel  loading  and 


polyNIMMO. 

Figures  16  to  18  show  the  effects  the 
ammonium  nitrate  had  on  the  bum  rate. 
Adding  approximately  7%  of  ammonium 
nitrate  to  the  PAMS  composition  had 
virtually  no  effect  on  the  bum  rate 
(con^ared  to  the  binary  15%  PAMS 
form^ation,  Figure  4).  The  poor 
continuity  of  the  bum  rates  from  the 
'-13%  and  --19%  loading’s  probably 
relates  to  a  combination  of  effects  (e.g. 
PAMS  and  ammonium  nitrate  particle 
size,  ammcMiium  nitrate  colder  burning 
nature).  The  ~15%  polyStyiene  series, 
unlike  PAMS,  showed  a  consistent 
degr^tion  in  bum  rate  and 
sustainability  across  the  pressure  range 
examined.  However  increasing  oxygen 
balance  resulted  in  a  converse  order  to 
that  expected,  i.e,  the  highest  loading 
(~19%)  exhibiting  the  poorest 
perfcMmance  and  visa  versa.  The  -15% 
binary  polyStyiene  mixture  displayed  a 
bum  rate  between  the  ~7  and  -13% 
ammonium  nitrate  loaded  compositions 
indicating  that  poorer  oxygen  balances 
are  not  directly  related  to  bum  rate. 
Although  bum  rates  between  the  binary 
HTPB/polyNIMMO  mixture  and 
polyNIMMO  were  displayed  by  the 
-15%  HTPB/ammonium  nitrate  series, 
the  amount  of  change  between  the 
amnaonium  nitrate  levels  was  not  very 
high.  Also,  the  continuity  in  bum  rate 
alxitement  seen  for  polySt^ne  was  not 
observed  and  excepting  any  experimental 
error  the  same  size  change  seen  for  the 
binary  ammonium  nitrate^JolyNIMMO 
formulations  is  the  most  probable 
explanation.  Instead  of  prioritising  the 
different  fuels  this  work  has  shown  that 
other  properties  (e.g.  particle  size)  have  a 
greater  effect  on  the  bum  rate.  Also 
polyNIMMO  bound  gas  generator 
propellants  are  unlikely  to  bum  fast 
enough  for  an  end-burner  configuration 
when  ammonium  nitrate  oxidiser  is  used. 


Figure 


6.7%  AN,  16.4%  polystyrene. 
13.1%  AN,  16.2%  polystyrene. 
19.4%  AN.  16%  txilvStviene. 
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17.  Effect  of  AN  on  p- Styrene  based  comps. 


6.8%  AN,  14.4%  HTPB. 
13.4%  AN,  14.2%  HTPB. 
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18.  Effect  of  AN  on  HTPB  based  comps. 


43%  mixed  fuels  (23%  carbon),  13%  AN. 
Base  comp,  with  BuNENA  and  CuCr04. 
Base  comp,  with  CUC1O4. 
p-NIMMO. 


The  emphasis  thus  changed  fi'om  trying  ^  ^ 

to  achieve  faster  bum  rates  for  an 
end-burner  configuration  to  investigating 

suitable  options  for  an  ammonium  nitrate  ®  i  1  1  1  1  1  1 

filled  radial-burning  performance  ^ 

matched  propellant  composition.  A  high  Pressure  (MPa) 

carbon  black/fuel  loaded  Figure  19.  Performance  matched  AN  compositions 

(Oe  -32600  MJ/m^)  ammonium  nitrate 

formulation  (Figure  19)  exhibited  a  sustainable  bum  rate  of  0.86  mm/s  at  5MPa  but  the  pressure 
exponent  was  approximately  half  that  required.  The  addition  of  basic  copper  chromate  and  BuNENA 
gave  slightly  increased  bum  rates,  but  failed  to  improve  the  pressure  exponent.  Attempts  to  recover  the 


Figure  19.  Performance  matched  AN  compositions 
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pressure  expoient  along  with  other  requirements  for  lower  carbon  black  and  higher  plasticiser  levels 
prompted  two  new  series  of  experiments. 


Replacement  of  some  ammonium  nitrate 
with  KIO  and  carbon  black  with  PAMS 
produced  perfOTmance  matched 
compositions  which  showed 
(Figure  20)  better  pressure  exponents 
(0.5^-0.6)  without  degrading  the 
sustainable  bum  rate  (at  5MPa).  A 
similar  concentration  set  of  samples, 
but  with  polystyrene  replacing  tl^ 
PAMS,  displayed  (Figure  21)  similar 
bum  rate  p^ormances.  These 
smokeless  fuel-rich  fcomulations 
(Oe  s;32200  MJAn^)  possess  slow, 
stable,  bum  rates  (~0-8  mm/s)  at  low 
pressure  (5MPa)  with  acceptable 
pressure  exponents  which  fulfil  the 
basic  requirements  fcff  a  radial-burner 
motor  configuration.  This  work 
obviously  needs  to  be  developed  further 
if  compositions  at  largo-  grain  sizes 
with  similar  properties  are  required  to 
be  formulated.  Sustainable  slower  bum 
rates  at  lower  pressures  are  desiroi  but 
problems  experienced  so  far  suggest 
this  may  be  very  difficult  to  achieve. 

DATA  MODELLING 

Initially  the  data  generated  from  diese 
experiments  were  intended  to  address 
only  the  effect  on  bum  rates,  however, 
with  the  large  quantity  produced  c^er 
aspects  of  fuel  rich  gas  generator 
propellants  were  studied,  ifeiculties 
with  ignition  and  sustainable  bimiing  of 
some  formulations,  mainly  the  very 
fuel-rich  systems,  were  observed.  A 
study  of  the  temperatiu-es  of  ignition 
was  hoped  would  jHovide  a  reasoned 
explanation.  Some  of  the  performance 
matched  compositions  examined 
showed  that  similar  fcMmulations 
followed  a  pattern  but  significant 
variations  in  composition  did  not  seem 
to  fit  any  specific  relationship 
(Figure  22).  Comparison  of  the  strand 
bum  rates,  for  a  variety  of 
compositions,  with  their  oxygen 
balance  (weight  oxygen  required  to 
combust  1kg  of  prx^Uant)  gave  a 
reasonable  relationship  (Figure  23). 
The  formulations  oxygen  balance 
however  does  not  vary  with  pressure 
and  also  did  not  explain  the  poor 
combustion  at  lower  pressures.  Thus  a 
different  parameto*,  which  varied  with 


Pressure  (MPa) 

Figure  20.  PerfOTmance  matched  (PAMS)/AN  ccxnps. 


Pr^^ire(MPa) 

Figure  21.  PerfOTmance  matched  (p~Styrene)/AN  comps. 


1400  1600  1800  2000 

Oxygen  balance  (g/kg) 

Figure  22,  Effect  of  O2  bal.  on  terr^eratuie  of  ignition 


pressure,  needed  studying  10  describe  tl^  ignition/sustainal^ity  difficulties.  Comparison  of 
polyEthylene  content  with  pressure  showed  (Figure  24)  a  sustain/  no- sustain  relaticmship  similar  to 
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that  observed  for  ammonium  perchlorate/PBAN  compositions?  Flame  temperatures  for  the  AP/PBAN 
compositions  varied  with  pressure  and  those  formulations  exhibiting  lower  values  failed  to  sustain 
combustion. 


Similar  calculations  (NASA  Lewis 
CET89)  for  various  polyEthylene  content 
polyNIMMO  samples  showed  that  the 
lower  values  also  displayed 
unsustainable  burning  (Figure  25),  At 
the  higher  polyEthylene  contents  other 
factors  (e.g.  small  particle  size)  have 
started  to  dcnninate  the  combustion, 
hence  the  unsustainable  burning  (at  10 
and  15MPa)  despite  higher  temperatures 
than  15%  at  5MPa.  As  both  bum  rate 
and  chamber  temperature,  for  all  the 
compositions  investigated,  seemed  to 
vary  with  pressure  the  logical  extension 
was  to  plot  bum  rate  against  chamber 
temperature  (similar  to  bum  rate  vs 
pressure  plots).  For  example,  the  binary 
polystyrene  mixtures  displayed 
(Figure  26)  similar  bum  rate 
relationships  (r  =  a  T/)  as  that  observed 
for  bum  rates  as  a  function  of  pressure 
(r  =  a  P).  The  variation  between  the 
percentage  contents  probably  relates  to 
changes  in  combustion  processes  (as 
shown  by  pressure  exponent  changes). 
Taking  this  into  account  the  data  could 
probably  be  fitted  by  the  same  function. 
Thus,  ^  the  binary  fuel  mixtures  were 
plotted  (Figure  27)  and  all  exhibited  a 
similar  good  fit.  The  various  fuels  also 
showed  sustainable  burning  at  chamber 
temperatures  above  1240-1250K,  i.e, 
slightly  higher  than  for  the  AP/PBAN 
compositions.^ 

The  three  ammonium  perchlorate  binary 
formulations  (Figure  28)  showed  even 
better  correlalion  to  a  single  bum 
rate/temperature  equation.  However,  the 
increasing  bum  rates,  for  increasing 
ammonium  nitrate  content,  were  not 
reflected  in  higher  chamber  temperatures 
-  rather,  a  cooling  effect  was  observed  - 
which  accounts  for  the  poor  correlation. 
Application  to  both  performance  matched 
ammonium  perchlorate  (Figure  29)  and 
ammonium  nitrate  (Figure  30) 
compositions  again  showed  very  good 
correlation.  These  ammonium 

perchlorate  compositions  failed  to  sustain 
burning  at  low  pressures  and  they  were 
found  to  possess  chamber  temperatures 
in  the  1240-1250K  region.  The 
ammonium  nitrate  compositions  achieved 
sustainable  low  bum  rates  at  lower 
pressures  and  chamber  temperatures  as 
low  as  1200K. 


Oxygen  balance  (g/kg) 

Figure  23.  Effect  of  62  bal.  on  bum  rates  at  15  MPa 


Polyethylene  content  (%) 

Figure  24.  Effect  of  %  polyEthylene  on  sustainability 


Figure  25.  PolyEthylene  chamber  temp,  v 5  sustain 
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Strand  bum  rate  (mtn/s)  Strand  bum  rate  (mm/s)  Strand  bum  rate  (mm/s) 


igure  26.  PolyStyrene  filled  polyNIMMO  (Fig  2.) 


Figure  28.  Oxidiser  filled  polyNIMMO 
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Thus,  for  polyNlMMO  composite 
gas-generator  propellants  a  chamber 
temperature  in  excess  of  --1200K  is 
required  to  achieve  sustainable  burning. 
This  is  close  to  that  observed  for  other 
fuel-rich  propellants.^  A  relationship,  for 
the  fuel-rich  polyNIMMO  formulations 
investigated,  has  been  observed  between 
chamber  temperature  and  bum  rate.  This 
fits  the  same  en^rirical  fcamula  observed 
fOT  determining  pressure  exponents.  The 
correlation  is  usually  very  good  and  quite 
large  changes,  within  the  same  Ixisic 
composition,  can  be  made  without 
affecting  the  fit  Hence,  having  obtained 
sufficient  experimental  bum  rate  data  the 
empirical  nwdel  can  be  used  to 
re-formulate  a  composition  to  achieve  a 
specific  bum  rate,  or  pressure,  target 
Factors  such  as  particle  size,  percentages 
of  bum  rate  catalysts,  potential  pressure 
exponent  changes,  ignitability,  etc.  must, 
however,  be  considered. 


1  - 1 - 1  I  I 

1200  1250  1300  1350  1400 

Chamber  temperature  (K) 

Figure  29.  Perform,  matched  AP  comps.  (Fig.  14) 


Figure  30.  Perform,  matched  AN  Comps.  (Fig  21) 


CONCLUSIONS 

The  bum  rate  of  polyNIMMO  is  significantly  lower  than  that  of  GAP  and  to  achieve  the  order  of 
magnitude  improvement  to  obtain  similar  values  high  levels  of  oxidisers  would  be  needed.  This  would 
however  reduce  the  volumetric  heat  value  ('Oe')-  The  various  fuels  studied  increased  the  Oe  but  were 
found  to  abate  bum  rates,  although  enhancements  were  seen  for  other  additives.  The  enhancements 
were  not  great  enough  to  overcome  the  adverse  effect  the  fuels  had  on  the  bum  rate  for  performance 
matched  polyNIMMO  formulations  to  be  considered  in  an  end-burner  propellant  configuration. 

This  work  has  shown  that  the  smokeless  fuel-rich  (Oe  >  32000  MJ/m^)  polyNIMMO  gas  generator 
compositions  examined  possess  the  basic  characteristics  (a  slow,  stable,  bum  rates  (~0.8  mm/s)  at  low 
pressure  (5MPa)  with  acceptable  pressure  exponents)  required  for  an  air-breathing  radial-burner  motor 
configuration.  Tliis  work  obviously  needs  to  be  develops  further  if  compositions  at  larger  grain  sizes 
with  similar  properties  are  required  to  be  formulated.  Poly  Styrene  and  carbon  black  gave  the  best  bum 
rate  performance  across  the  range  of  percentage  compositions  although  polyEthylene  provided  the 
slowest  bum  rates.  Poly-a-MethylStyrene  was  found  not  to  sustain  burning  at  high  concentrations, 
especially  at  low  pressures,  because  of  the  small  particle  size  used.  Thus  effort  is  currently  focused  on 
achieving  a  snKikeless  fuel  rich  formulation  (Oe  =322{X3  MJ/m^)  possessing  a  high  pressure  exponent 
(~0.5-0.7)  with  a  slow,  stable,  bum  rate  (~0.7  mm/s)  at  low  pressure  (~3MPa).  An  empirical  model  is 
being  used  to  assist  re-formulation  studies. 
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COMMENTS 

G.  Doriath,  SNPE,  Vert-Le-Petit,  France.  Do  you  think  that  you  will  have  the  same  results  of  burning 
rate  and  limits  of  sustained  and  unsustained  combustiem  for  tests  m  motors? 


Authors'  reply.  It  is  recognised  that  strand  bum  rates  (obtained  from  static  pressure  measurements) 
are  not  tmely  representative  of  the  bum  rates  observed  for  larger  grain  size  test  moters  (i.e.  a  dynanuc 
pressure  test  method).  Sub-scale  motOT  tests  on  sev^al  fuel-rich  polyNIMMO  cranporitions  were 
sufficiently  close  to  the  strand  bum  rates  for  us  to  have  confidence  in  our  data.  The  observed  variance 
we  felt  resulted  from  using  different  sources  of  oxidiser  and  fuel.  We  are  confident  that  any  digression 
from  the  desired  bum  rates  for  a  smokeless  fuel-rich  polyNIMMO  composite  propellant  can  be 
overcome  using  the  wealth  of  data  and  experience  available.  Our  understanding  of  the  physical  factors 
affecting  combustion  will  hopefully  enable  us  to  convert  an  unsustaining  formulation  to  one  that  will 
sustain  burning. 


718 
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ABSTRACT 

An  experimental  investigation  using  a  high-pressure  hybrid  motor  analog  has  been  conducted  to 
provide  detailed  solid  fuel  regression  rate  data  at  realistic  operating  conditions  for  both  model 
validation  and  correlation  development.  The  2-D  motor  operated  at  a  maximum  pressure  of  9  MPa 
(1300  psi)  with  maximum  injected  gaseous  oxygen  mass  fluxes  of  420  kg/  m^-s  (0.6  Ibm/in  -s). 
Hydroxyl-Terminated  Polybutadiene  (HTPB,  R-45  M)  cured  with  Isonate  2143L  was  used  as  the 
baseline  solid  fuel.  Either  carbon  black  powder  or  ultra-fine  aluminum  (UFAL)  powder  was  added 
to  the  HTPB  fuel  during  the  processing  stage  for  some  tests.  Both  ultrasonic  pulse-echo  and  real¬ 
time  X-ray  radiography  techniques  were  used  to  determine  the  instantaneous  regression  rate.  An 
array  of  fme-wire  thermocouples  was  used  to  determine  fuel  surface  temperatures  and  subsurface 
temperature  profiles.  The  deduced  instantaneous  regression  rates  displayed  a  complex  dependency 
on  axial  location  and  flow  conditions.  Close  to  the  sample  leading  edge,  the  regression  rate, 
governed  by  the  mixing  motion  of  the  entering  GOX  flow,  did  not  vary  with  time.  Following  this 
region,  the  regression  rates  exhibited  strong  dependency  on  both  axial  location  and  flow  structure. 
When  the  GOX  mass  fluxes  were  below  140  kg/  m^-s  (0.2  Ibm/in^-s),  gas-phase  radiative  heat 
transfer  to  the  fuel  surface  was  found  to  play  a  more  important  role  in  the  regression  of  solid  fuel. 
Solid  fuel  regression  rates  were  found  to  correlate  well  with  the  injected  oxidizer  mass  flux,  chamber 
pressure,  axial  location,  and  port  height.  The  addition  of  carbon  black  had  no  effect  on  regression 
behavior.  Addition  of  20%  of  UFAL  powder,  however,  was  found  to  increase  the  mass  burning  rate 
by  70%. 


NOMENCLATURE 


Symbols 


Greek  Symbols  Subscripts 


c  speed  of  sound  (m/s) 

Dh  hydraulic  diameter  (m) 

G  local  mass  flux  (kg/  m^-s) 

Go  oxidizer  mass  flux  (kg/m^-s) 
h  port  height  (m) 

L  fuel  slab  length  (m) 


p  pressure  (MPa) 
r  regression  rate  (mm/s) 
Re  Reynolds  number 
t  time  (s) 

w  web  thickness  (mm) 

X  axial  location  (m) 


A  change  in  value 
K  gas  absorption 
coefficient  (MPa  m)~l 
p  density  (g/cm^) 

T  propagation  time  (|is) 


b  based  on  burning 
f  fuel 

0  reference  value 
p  based  on  pressure 
X  based  on  axial 
distance, 
i  initial  value 
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INTRODUCTION 


Hybrid  rocket  motors  have  unique  operational  and  performance  advantages  over  both  liquid  bi¬ 
propellant  and  solid  propellant  rockets.  Several  different  types  of  hybrid  rockets  have  been  proposed 
over  the  years  including  the  classical  (solid  fuel  and  liquid  oxidizer),  reverse  (solid  oxidizer  and 
liquid  fuel),  and  gas-generator  (fuel-rich  solid  propellant  grain  with  injected  oxidizer) 
configurations  [1]. 

Among  these  configurations,  the  classical  hybrid  rocket  has  received  the  most  attention  and  is  the 
primary  focus  of  this  study.  Classical  hybrid  rocket  systems  offer  several  important  advantages  over 
their  liquid  and  solid  rocket  counterparts  [2,3].  First,  hybrid  rocket  motors  are  less  sensitive  to 
cracks  and  imperfections  in  the  solid-fuel  grain  than  solid-propellant  rocket  motors,  and  are 
therefore  much  safer.  Second,  because  only  the  oxidizer  is  stored  in  liquid  form,  hybrids  require  only 
half  as  much  feed-system  hardware  as  liquid  propellant  rockets.  Third,  hybrid  rockets  can  easily  be 
throttled  for  thrust  control,  maneuvering,  motor  shutdown  and  restart  by  adjusting  only  the  oxidizer 
flow  while  avoiding  the  necessity  of  matching  hydraulic  characteristics  with  the  fuel,  as  in  liquid 
propellant  rockets.  Fourth,  the  solid  phase  fuel  provides  a  convenient  matrix  for  various  additives 
for  purposes  such  as  plume  signature  tailoring  for  military  applications  and  metal  particles  for  high- 
performance  missions.  Fifth,  hybrid  rocket  motor  grains  pose  no  explosion  hazard  during 
manufacture,  transport,  ground-test,  and  storage  since  the  fuel  and  oxidizer  are  separated  both 
physically  and  by  phase.  Finally,  hybrid  rockets,  as  opposed  to  solid  rockets,  are  environmentally 
clean  since  their  exhaust  products  contain  no  chlorine.  Because  of  their  inherent  safety,  hybrid 
rockets  should  be  economic  from  both  manufacturing  and  launching  points  of  view.  From  a 
performance  standpoint,  hybrid  rockets  are  comparable  to  both  liquid-  and  solid-propellant  rockets. 
Typical  hybrid  motors  have  greater  specific  impulse  than  solid  propellant  motors  and  greater  density 
specific  impulse  than  liquid  propellant  motors. 

Several  important  theoretical  and  experimental  studies  were  performed  during  the  1960s  to  study 
the  regression  behavior  of  solid  fuels.  For  example,  Marxman,  Gilbert,  Wooldridge,  and  Muzzy 
[4,5]  developed  an  influential  heat-transfer  limited  regression  rate  model.  Their  results  showed  that, 
in  the  absence  of  significant  gas-phase  radiation,  the  solid  fuel  regression  rate  was  primarily  a 
function  of  the  local  mass  flux  and  axial  position  but  not  the  motor  pressure.  Smoot  and  Price  [6-8] 
conducted  a  large  number  of  experiments  using  a  lab-scale  motor.  They  found  that  at  low  pressures 
(p  <  1  MPa)  the  average  regression  rates  were  independent  of  mass  flux  but  strongly  dependent  on 
pressure,  an  effect  attributed  to  presumed  heterogeneous  reactions  on  the  solid  fuel  surface.  It  should 
be  noted  that  both  flow  rates  and  pressures  in  Smoot  and  Price’s  experiments  were  somewhat  low  in 
comparison  to  those  of  practical  hybrid  rocket  applications. 

Although  various  regression  rate  analyses  and  correlations  have  been  developed  in  the  last  few 
decades,  the  literature  has  historically  lacked  a  sufficient  amount  of  realistic  empirical  data  with 
which  to  validate  these  models.  Instantaneous  regression  rate  data  have  been  especially  lacking,  and, 
with  a  few  exceptions  [9,10],  rarely  been  reported.  In  an  attempt  to  provide  more  data  for  model 
validation  and  useful  engineering  correlations  for  design  considerations,  an  experimental 
investigation  using  a  lab-scale  hybrid  motor  analog  has  been  conducted  in  this  investigation.  The 
study  focuses  on  the  following  objectives:  1)  non-intrusive  measurement  of  instantaneous  and 
average  solid-fuel  regression  rates  under  various  operating  conditions  including  GOX  flux  level, 
motor  pressure,  and  fuel  formulation,  2)  determination  of  the  solid-fuel  surface  temperatures  and 
subsurface  temperature  profiles  as  a  function  of  both  operating  conditions  and  axial  locations,  3) 
investigation  of  the  effects  of  solid-fuel  additives  on  burning  behavior,  and  4)  development  of 
empirical  correlations  relating  the  regression  rate  to  various  operating  conditions  and  geometric 
parameters. 
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METHOD  OF  APPROACH 


Figure  1  shows  a  schematic  diagram  of  the  windowed,  high-pressure,  2-D  slab  motor  used  in 
this  study.  References  [1 1,12]  provide  a  more  detailed  description  of  the  entire  test  rig. 


X-Ray  Viewing  Window  #1  X-Ray  Viewing  Window  #2 

Fig.  1  Schematic  diagram  of  hybrid  motor  with  diagnostic  devices 


The  main  body  of  the  motor  was  constructed  of  stainless  steel,  had  an  overall  length  of  1,067 
mm,  width  of  178  mm,  and  height  of  254  mm.  It  was  designed  to  operate  at  a  maximum  pressure  of 
10  MPa.  The  operating  chamber  pressure  of  the  motor  was  partially  controlled  using 
interchangeable  graphite  exit  nozzles.  Gaseous  oxygen  was  injected  at  the  head-end  of  the  test 
chamber  with  a  maximum  flux  of  420  kg/  m^-s.  These  operating  conditions  are  within  the  range 
expected  for  sub-scale  and  full-scale  hybrid  motors  [2,13].  The  motor  accommodates  two  opposing 
fuel  slabs,  584  mm  (23  in)  long  and  76  mm  (3  in)  wide.  Hydroxyl-Terminated  Polybutadiene 
(HTPB)  was  used  as  the  baseline  solid  fuel.  In  several  tests,  either  carbon  black  powder  (CB)  or 
ultra-fine  aluminum  powder  (UFAL)  was  added  to  the  HTPB  during  the  processing  stage.  The 
carbon  black  powder  was  added  to  investigate  the  effect  of  an  opacifying  agent  on  fuel  regression 
behavior,  had  a  mean  particle  size  of  75  nm,  and  accounted  for  0.25%  of  the  total  solid  fuel  weight. 
The  UFAL  powder  was  added  to  evaluate  its  performance  as  a  possible  regression  rate  enhancing 
agent  and  had  a  mean  particle  size  in  the  range  of  50  to  100  nm.  It  was  added  in  amounts  of  4%, 
12%,  and  20%  of  the  total  fuel  weight.  Solid  fuel  slabs  were  processed  at  the  Pennsylvania  State 
University  with  fine-wire  thermocouples  embedded  at  various  axial  locations  before  curing. 
Although  the  total  fuel  slab  thickness  with  the  submerged  sample  retainer  was  42.5  to  44  mm  thick, 
the  fuel  slabs  had  usable  web  thicknesses  between  17.5  mm  (0.689  in)  and  19  mm  (0.748  in). 

The  motor  was  instrumented  with  a  variety  of  diagnostic  devices  for  determination  of  chamber 
pressure  variations,  subsurface  thermal  profiles  at  various  axial  locations,  burning  fuel  surface 
temperature  distribution,  and  instantaneous  solid  fuel  web  thickness  profiles.  Figure  1  shows  the 
approximate  locations  of  four  of  the  seven  thermocouples  (TC),  the  pressure  transducers  (P)  and  the 
ultrasonic  transducer  (UST)  in  the  instrumented  motor.  The  instantaneous  solid  fuel  regression  rate 
was  obtained  using  two  independent  techniques:  ultrasonic  pulse-echo  method  and  real-time  X-ray 
radiography.  References  [11,12,14,15]  describe  these  techniques  in  detail.  The  ultrasonic  pulse- 
echo  method  enabled  determination  of  the  instantaneous  fuel  web  thickness  at  one  of  four  selected 
axial  locations  with  a  maximum  sampling  frequency  of  20  kHz.  Normally,  a  frequency  of  1  or  5 
kHz  is  sufficient  to  accurately  determine  the  instantaneous  fuel  web  thickness.  The  X-ray 
radiography  system  captured  real-time  images  of  the  regressing  fuel  slab  surface  over  a  region  165 
mm  long,  and  therefore  provided  axial,  as  well  as  temporal,  variations  in  the  fuel  web  thickness  and 
regression  rate.  To  the  best  of  the  authors’  knowledge,  this  work  represents  the  first  application  of 
real-time  X-ray  radiography  for  determination  of  instantaneous  regression  rates  of  solid  fuel  in  a 
hybrid  motor. 

The  global  regression  rate  and  the  time-averaged,  but  axially-dependent  regression  rates  were 
also  determined  for  each  test.  The  global  regression  rate  was  found  by  dividing  the  fuel  mass 
difference  before  and  after  the  test  by  the  fuel  burning  time.  The  axially  dependent  regression  rates 
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were  found  by  dividing  the  local  fuel  web  thickness  difference  before  and  after  the  test  (in  either 
12.5  or  25  mm  increments)  by  the  burning  time. 


RESULTS  AND  INTERPRETATIONS 

Table  1  summarizes  the  test  conditions  of  the  15  test  firings  conducted  in  this  study.  The  pressure 
ranges  given  in  the  fourth  column  correspond  to  the  maximum  motor  pressure  and  the  minimum 
motor  pressure  just  before  shut  down  by  terminating  the  GOX  flow.  Ilie  pressure  drop  was  diie 
mainly  to  erosion  of  the  graphite  nozzle  throat.  Test  No.  4  had  an  unexpected  maximum  pressure 
level  of  9  MPa  caused  by  a  momentary  blockage  of  the  nozzle  by  a  piece  of  solid  fuel  tom  from  the 
fuel  slab.  After  this  test,  extension  pins  were  mounted  to  the  ends  of  the  fuel  sample  holders  to 
provide  extra  support  for  the  solid  fuel  slabs,  which  prevented  the  problem  from  recurring.  The  third 
column  of  Table  1  gives  the  initial  GOX  mass  flux  found  by  dividing  the  known  GOX  mass  flow 
rate  by  the  initial  combustor  port  area.  The  last  column  gives  the  global  regression  rate  of  each  test. 
Test  No.  5  has  a  relatively  high  regression  rate  with  large  pressure  oscillations  observed  during  the 
firing.  Others  have  reported  similar  finding  for  tests  with  substantial  pressure  oscillations  [10]. 
Tests  No.  9  and  1 1  were  conducted  using  one  translucent  fuel  slab  and  one  fuel  slab  with  0.25  wt% 
carbon  black.  Test  No.  10  was  conducted  using  a  totally  different  solid  fuel,  and  therefore  is  not 
included  in  this  Table.  Tests  No.  12,  13,  and  14  were  conducted  using  one  pure  HTPB  slab  and  one 
fuel  slab  processed  with  UFAL  mass  fractions  of  4, 12,  and  20%,  respectively. 


TABLE  1 

Summary  of  Test  Firings 


TEST 

NO. 

FUEL  TYPE 

Go,i,  kg/m"-s 
(Ib/in-s) 

Pressure,  MPa 
(psia) 

Burn 

Time 

(S) 

rglobah 

mm/s 

(in/s) 

1 

HTPB 

337.8  (0.48) 

8.55-2.31  (1240-335) 

15,0 

- 

2 

HTPB 

68.3  (0.10) 

2.07-2.05  (300-300) 

2.7 

- 

3 

HTPB 

125.3  (0.18) 

3.45-2.48  (500-360) 

3.6 

4 

HTPB 

166.8  (0.24) 

8.96-1.79  (1300-260) 

5.8 

- 

5 

HTPB 

158.3  (0.23) 

5.31-2.82  (770-410) 

4.1 

1.4  (0.055) 

6 

HTPB 

133.3  (0.20) 

3.89-1.34  (565-195) 

6.6 

0.92  (0.036) 

7 

HTPB 

102.3  (0.15) 

3.65-1.72  (530-250) 

8.9 

0.76  (0.030) 

8 

HTPB 

100.7  (0.15) 

3.45-1.72  (500-250) 

9.5 

0.76  (0.030) 

9 

HTPB  40.25%  CB 

113.5  (0.17) 

3.45-1.72  (500-250) 

1.2  (0.047) 

11 

162.3  (0.24) 

4.93-1.24  (715-180) 

8.5 

0.95  (0.037) 

12 

HTPB; 

HTPB44%UFAL 

196.9  (0.29) 

3.72-2.07  (540-300) 

4.0 

1.13(0.045) 
1.29  (0.051) 

13 

HTPB; 

HTPB4l2%UFAL 

234.5  (0.35) 

4.31-186  (625-270) 

4.5 

■ESlUIiH.!!! 

14 

HTPB; 

HTPB420%UFAL 

220.5  (0.33) 

4.14-2.14(600-310) 

HI 

■■MMIMliil 

15 

HTPB 

362.5  (0.54) 

4.96-1.52  (720-220) 

7.2 

1.38  (0.054) 

17 

HTPB 

369.9  (0.56) 

4.62-1.52  (670-220) 

6.1 

1.43  (0.056) 

722 


Deduction  of  Instantaneous 
Regression  Rates 

The  comparison  of  data  from  real¬ 
time  X-ray  radiography  and  ultrasonic 
pulse-echo  measurements  indicated 
that  the  chamber  pressurization  and 
depressurization  processes  affected  the 
web  thickness  and  regression  rate 
results.  The  top  portion  of  Fig.  2 
shows  the  time  histories  of  motor 
pressure  and  burned  web  thickness  for 
Test  No.  9,  while  the  regression  rates 
deduced  from  the  ultrasonic 
measurement  are  shown  in  the  bottom 
portion  of  the  Figure.  The  dashed 
curve  indicates  the  uncorrected 
regression  rate  deduced  directly  from 
the  ultrasonic  measurement  device, 
while  the  solid  curve  represents  the 
corrected  regression  rate  found  by 
considering  the  mechanical 
deformation  of  the  fuel  slabs  under 
pressure  excursions.  The  correction 
procedure  is  discussed  below.  The 
ultrasonic  transducer  was  located  a 
distance  of  178  mm  downstream  from 
the  leading  edge  of  the  fuel  slab.  The 
times  of  GOX  flow  initiation,  ignition 
of  the  solid  fuel  slabs,  and  GOX  flow 
termination  are  indicated  on  the  graph.  Notice  that  at  the  start  of  GOX  flow,  but  before  ignition,  the 
web  thickness  decreased  due  to  the  chamber  pressurization,  yielding  a  corresponding  artificial 
regression  rate  of  the  fuel  slab  surface.  This  artificial  regression  rate  reached  a  peak  value  of  0.9 
mm/s,  and  then  fell  back  to  zero  as  the  chamber  pressure  reached  a  steady  level  of  about  0.6  MPa. 
This  change  of  solid  fuel  web  thickness  and  regression  rate  were  not  caused  by  burning,  but  induced 
by  the  mechanical  compression  of  the  fuel  slabs.  Since  the  motor  underwent  relatively  rapid 
pressurization  at  ignition,  the  regression  rates  at  the  start  of  the  tests  were  greatly  influenced  by  the 
compression  process.  When  the  GOX  flow  was  terminated,  the  motor  underwent  a  depressurization 
process  which  caused  an  apparent  increase  in  the  instantaneous  web  thickness  and  a  negative 
regression  rate  (not  shown  in  the  figure).  These  effects  are  also  due  to  solid  fuel  deformation  during 
the  pressure  excursions. 

In  order  to  separate  the  effects  of  mechanical  compression  and  true  regression  due  to  combustion, 
several  calibration  tests  were  conducted  using  cold  flow  to  characterize  the  mechanical  deformation 
behavior  of  the  HTPB  solid  fuel  slabs.  A  simple  correlation  was  developed  to  relate  the  change  in 
propagation  time  of  the  ultrasonic  signal  through  the  solid  fuel  with  chamber  pressure: 

AT/-t(,=  1.3893x10-5 +  3.476x10-3? -7.1371xl0-5p2  (1) 

where  P  is  measured  in  MPa,  In  Eq.  (1),  At  represents  the  change  in  propagation  time  due  to 
pressurization,  and  Xq  is  the  propagation  time  at  the  reference  pressure  of  0.1  MPa.  As  discussed  in 

Ref.  14,  the  propagation  time  of  the  ultrasonic  signal  through  the  solid  fuel  provides  the 
measurement  of  the  web  thickness.  This  equation  was  incorporated  into  the  data  analysis  routine  to 
correct  the  observed  burned  web  thickness,  and  therefore  the  regression  rate,  for  the 


Figure  2.  Time  histories  of  motor  pressure,  web  thickness, 
and  the  regression  rate  comparison  from  ultrasonic 
measurement  (Test  No.  9) 
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Change  in  Web  Thickness  [mm] 


compression/decompression  effect.  It 
should  be  noted  that  Eq.  (1)  is  applicable 
for  quasi-steady  conditions.  Under  highly 
transient  operating  conditions,  other  factors 
such  as  pressurization  rates  and  visco¬ 
elastic  material  properties  including  shear 
modulus,  creep  compliance,  and  Poisson’s 
ratio  should  be  considered  in  the 
development  of  a  further  refined 
correction. 

The  amount  of  regression  rate 
correction  is  shown  as  the  difference 
between  the  two  traces  in  the  lower  portion 
of  Fig.  2.  The  artificial  regression  rate 
spike  at  the  onset  of  GOX  flow  was  not 
totally  eliminated  in  this  test,  due  to  highly 
transient  conditions  not  accounted  for  by 
Eq.  (1),  while  in  other  tests  the  magnitude 
of  the  spike  was  substantially  reduced  after 
the  correction. 


The  real-time  X-ray  radiography  Rg>«e  3.  Images  from  X-ray  radiography  system 
system  was  also  used  to  determine  solid-fuel  regression  rates.  Figure  3  shows  X-ray  radiography 
images  of  a  portion  of  the  motor  at  three  different  times  for  Test  No.  14.  Images  similar  to  these 
were  used  to  determine  the  instantaneous  web  thickness  and  port  cross  sectional  area  at  certain 
spatial  intervals  along  the  fuel  slabs.  The  time  resolution  between  images  was  usually  about  135  ms, 
while  web  thickness  measurements  were  made  every  12.5  mm  along  the  motor  axis. 

Figure  4  shows  the  chamber  pressure  time  history  and  the  changes  in  web  thickness  due  to 
burning  (closed  circles),  compression,  and  the  sum  of  both  effects  (open  circles)  for  Test  No.  17  at 
one  axial  location.  In  order  to  find  the  web  thickness  change  due  to  burning  alone,  the  change  due  to 
compression  was  subtracted  from  the  overall  change  measured  from  the  X-ray  images.  The  change 
due  to  compression  was  found  using  Eq.  (1),  but  with  the  left  hand  side  replaced  by  Awp/wo,  the 
strain,  which  is  equivalent  to  At/Tq  if  there  is  no  change  in  the  speed  of  sound  of  HTPB  under 
different  pressures.  When  the  variation  in  speed  of  sound,  c,  is  important,  the  relationship  between 


Total  Change 


Time  from  Ignition  [sec] 


Figure  4.  Changes  in  solid  fuel  web  thickness  due 
to  burning  and  pressurization,  from  X-ray  data 


- -  Total  Regression 

- Regression  by  Burning 


TinKJ  from  Ignition  [sec] 


Figure  5.  Comparison  of  corrected  and  uncorrected 
regression  rates  deduced  from  X-ray  data 
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Pressure  [Mpa] 


Awp/wo  and  At/Tq  is  given  by 


Ax/to  =  1  +(Awp/wo- 1  )co/c  (2) 

where  the  quantities  with  subscript  “o”  represent  those  at  the  reference  condition  (0.1  MPa).  The 
quantity  Awp  represents  the  instantaneous  web  thickness  change  due  to  pressure  excursions,  which 
can  be  found  since  the  measured  web  thickness  change,  wq,  and  pressure,  p,  are  known  at  all  times. 
Therefore,  as  with  the  ultrasonic  transducer  data,  the  changes  in  web  thickness  due  to  compression 
and  burning  can  be  separated  to  find  the  true  regression  rate  due  to  burning  alone. 

Figure  5  shows  the  regression  rates  corresponding  to  the  total  observed  web  thickness  change 
and  the  change  due  to  burning  alone,  along  with  the  chamber  pressure  history.  The  regression  rates 
were  determined  by  curve-fitting  the  change  in  web  thickness  due  to  burning  using  a  power-law 
equation  of  the  form: 


Awb  =  a  -I-  bt^  (3) 

which  fits  the  experimental  data  quite  well  as  shown  in  Fig.  4.  In  Eq.  (3),  Awb  is  given  in  mm  and  t 
is  given  in  s.  The  corresponding  regression  rate  is  obtained  by  taking  the  time  derivative  of  Eq.  (3). 
Since  Awb  depends  on  axial  location,  the  coefficients  a,  b,  and  n  in  Eq.  (3)  also  depend  on  axial 
location. 

As  the  motor  is  pressurized  just  following  ignition,  the  change  in  web  thickness  due  to 
compression  continues  since  the  pressure  continues  to  increase  to  the  maximum  pressure.  During 
this  time,  the  change  in  fuel  web  thickness  due  to  compression  is  in  the  same  direction  as  the  change 
due  to  burning.  Therefore,  compression  of  the  fuel  slab  makes  the  regression  rate  appear  slightly 
higher  than  its  true  value,  until  maximum  motor  pressure,  pmax»  is  reached.  After  reaching  pmax» 
the  motor  pressure  begins  to  drop  due  to  erosion  of  the  graphite  nozzle  and  the  increase  in  free 
volume  of  the  chamber.  The  fuel  slabs  begin  to  expand  due  to  chamber  depressurization.  During 
this  time,  the  change  in  fuel  web  thickness  due  to  depressurization  is  in  the  direction  opposite  that 
due  to  regression,  so  that  X-ray  analysis  indicates  a  regression  rate  lower  than  the  true  value  for  the 
interval  from  pmax  to  GOX  shut-off.  Therefore,  the  true  regression  rate  due  to  burning  is  higher 
than  that  given  by  the  uncorrected  data  during  the  time  between  pmax  termination  of  the  GOX 
flow,  but  slightly  lower  than  that  indicated  by  the  uncorrected  data  over  the  interval  from  ignition  to 
Pmax- 

The  correction  methods  for  the  ultrasonic 
pulse-echo  and  real-time  X-ray  radiography 
systems  discussed  above  were  used  to  correct 
all  instantaneous  regression  rate  data  discussed 
here.  Direct  comparison  of  the  true  regression 
rates  determined  by  the  two  independent 
techniques  were  made  for  most  of  the  tests  over 
the  time  intervals  between  peak  pressure  and 
GOX  shut  off.  The  agreement  between  the  two 
methods  is  usually  within  about  ±4%.  Figure  6 
compares  the  results  of  the  two  methods  for 
Test  No.  17.  At  this  point,  no  attempt  has  been 
made  to  deduce  the  ignition  transient  (defined 
as  the  time  interval  between  first  increase  in 
regression  rate  and  peak  regression  rate)  or  the 
shut-down  transient  using  the  X-ray 
radiography  system.  However,  the  ultrasonic 


Figure  6.  Regression  rate  comparison  of 
ultrasound  and  X-Ray  (Test  No.  17) 
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pulse-echo  method  has  sampling  intervals  of  about  0.2  ms,  and  was  used  to  determine  the 
instantaneous  regression  rate  over  the  entire  test  from  ignition  to  motor  shut  down. 


Effects  of  Solid  Fuel  Additives 

Carbon  black  powder  or  ultra-fine  aluminum  (UFAL)  powder  was  added  to  the  fuel  slabs  for 
several  tests.  In  those  tests,  one  fuel  slab  contained  the  additive  at  a  certain  weight  percentage,  while 
the  other  fuel  slab  was  pure  HTPB.  This  dual  slab  testing  method  allowed  for  a  direct  comparison  of 
the  pyrolysis  behavior  of  the  two  different  fuel  formulations. 

Carbon  Black  Powder 

Carbon  black  represents  a  commonly  used  solid-fuel  opacificr.  The  addition  of  carbon  black 
makes  the  solid  fuel  opaque,  which  prevents  in-depth  radiation  absorption.  In  order  to  determine  the 
effect  of  carbon  black  on  solid  fuel  regression  rate  and  surface  temperature,  one  of  the  fuel  slabs  was 
fabricated  with  0.25%  by  weight  carbon  black  additive  during  the  fuel  processing  stage  for  two  tests. 
The  results  of  both  tests  indicated  no  significant  difference  in  the  regression  rates  of  the  slabs  with 
carbon  black  compared  to  those  of  the  translucent  fuel  slabs.  For  Test  No.  9  (initial  GOX  flux  of 
210  kg/  m^-s),  both  slabs  had  a  global  regression  rate  of  1.2  mm/s  and  displayed  very  similar  time- 
averaged  regression  rate  profiles.  For  Test  No.  1 1  (initial  GOX  flux  of  170  kg/  m^-s)  both  slabs  had 
nearly  the  same  global  regression  rate  of  0.96  mm/s.  Again,  the  time-averaged  regression  rate 
profiles  with  respect  to  axial  location  were  almost  identical  within  experimental  error.  Figure  7 
illustrates  this  result,  along  with  the  results  of  Test  No.  14,  discussed  later.  It  is  believed  that  a  black 
char  layer  was  formed  on  the  surface  of  the  translucent  fuel  slabs  during  burning,  so  that  the 
radiative  heat  flux  was  absorbed  only  at  the  surface  rather  than  in  the  interior  of  the  slab.  Such  a 
char  layer  has  been  observed  on  the  surfaces  of  all  recovered  HTPB  fuel  slabs. 


From  thermocouple  measurements,  the  surface  temperature  of  the  slab  with  carbon  black  was 
about  930  K  at  a  location  300  mm  downstream  from  the  leading  edge  of  the  fuel  slab  in  Test  No.  1 1 . 
This  result  is  consistent  with  previous  surface  temperature  measurements,  which  indicate  that  the 
surface  temperature  of  pure  HTPB  fuel  slabs  is  between  900  and  1050  K,  depending  on  operating 
conditions  and  axial  location  [12].  The  subsurface  thermal  wave  profiles  of  Test  No.  6  (translucent 
slab)  and  No.  1 1  (black  slab)  are  compared  in  Figure  8  since  both  tests  had  similar  initial  GOX  mass 
fluxes  (148  and  162  kg/  m^-s,  respectively),  and  global  regression  rates  (0.92  and  0.95  mm/s. 


respectively).  As  shown  in  Fig.  8,  the  surface 
temperatures  and  subsurface  temperature 
profiles  are  also  quite  similar,  giving  further 
evidence  that  the  addition  of  carbon  black 
powder  did  not  noticeably  affect  the  regression. 

The  surface  temperature,  subsurface 
temperature  profile,  and  heat  flux  to  the  solid 
fuel  surface  can  change  substantially  with 
operating  conditions,  as  shown  in  Figure  9. 
Figure  9  compares  the  temperature  profiles 
from  Test  Nos.  6  and  17,  both  of  which  were 
conducted  with  translucent  fuel  slabs  only. 
Test  No.  6  (initial  GOX  flux  of  148  kg/  m^-s), 
has  a  surface  temperature  of  950  K  and  a 
thermal  wave  about  0.125  mm  thick  while  Test 
No.  17  (initial  GOX  flux  of  394  kg/  m^-s),  has  a 
higher  surface  temperature  of  about  1018  K  and 


o  Test  1 1  Pure  HTPB  a  Test  14  Pure  HTPB 

•  Test  1 1  CB  Added  a  Test  14  UFAL  Added 


Distance  from  Fuel  Slab  Leading  Edge  [mm] 

Figure  7.  Time-averged  regression  rate  profiles 
showing  effects  of  solid  fuel  additives 
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Figure  8.  Temperature  profiles  for  translucent  and  black  fuel  slabs  under  similar  operating  conditions 

a  thinner  thermal  wave  of  about  0.065  mm.  In  addition,  the  calculated  heat  flux  into  the  fuel  at  the 
surface  for  Test  No.  6  is  718  kW/  m\  which  is  much  lower  than  the  value  of  1500  kW/  for  Test 
No.  17  with  much  stronger  convective  shear  flow. 


Ultra-Fine  Aluminum  Powder 

Ultra-fine  aluminum  powder  (with 
a  particle  size  of  between  50  and  100 
nm),  also  called  Alex  by  Russian 
researchers,  is  a  very  fine  powder 
manufactured  in  Russia  by  exploding 
thin  aluminum  wires  in  an  Argon 
environment  [16].  In  order  to  assess 
the  effects  of  ultra-fine  aluminum 
powder  (UFAL)  on  the  burning  rate  of 
HTPB,  several  tests  were  conducted 
using  one  pure  HTPB  fuel  slab  and 
one  HTPB  fuel  slab  loaded  with  a 
certain  mass  fraction  of  UFAL. 


In  Tests  No.  12,  13,  and  14,  UFAL  Figure  9.  Temperature  profiles  for  translucent  fuel  slabs 
was  added  to  one  fuel  slab  in  amounts  under  different  operating  conditions 
of  4,  12,  and  20%  of  the  total  fuel 

weight,  respectively.  In  contrast  to  carbon  black  powder,  the  UFAL  powder  had  a  significant  effect 
on  the  solid  fuel  regression  rate.  Figure  7  shows  the  time-averaged  regression  rate  profiles  of  the 
pure  HTPB  slab  and  the  HTPB/20%UFAL  slab  from  Test  No.  14.  Though  the  two  profiles  have 
approximately  the  same  shape,  the  fuel  slab  containing  20%  UFAL  consistently  displays  a  much 
higher  regression  rate  than  the  pure  HTPB  slab  at  the  same  axial  location. 


Figure  10  shows  the  increase  in  global  regression  rate  and  global  mass  burning  rate  with  respect 
to  pure  HTPB  versus  %wt  of  UFAL  in  the  fuel  slab.  Since  UFAL  has  a  higher  density  than  HTPB, 
the  increase  in  mass  burning  rate  is  even  higher  than  the  increase  in  regression  rate  for  the  same 
percentage  of  UFAL.  Test  No.  14  indicates  that  with  20%  UFAL  addition,  the  regression  rate 
increased  by  almost  40%  and  the  mass  burning  rate  increased  by  approximately  70%  over  the  pure 
HTPB  slab.  These  values  represent  a  significant  change  in  performance  since  low  regression  rate  is 
often  cited  as  a  major  disadvantage  of  hybrid  rocket  motors. 


As  discussed  in  Ref.  [12],  the  surface  of  recovered  pure  HTPB  slabs  exhibited  different 
characteristics  with  axial  distance:  The  front  portion  of  the  slab  had  a  smooth  surface,  followed  by  a 
middle  region  of  increasingly  distinct  transverse  striations.  The  transverse  striations  developed  into 
much  more  random  patterns  at  distances  further  downstream.  These  fuel  surface  characteristics  were 
attributed  to  the  transition  from  laminar  to  turbulent  flow  in  the  boundary  layer.  The  fuel  slabs 
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S  =  ;  containing  UFAL  exhibited  much  different 

^  r  ■  ^  surface  characteristics  than  the  pure  HTPB 

60  ^  i  slabs.  Figure  11  shows  the  fuel  slabs  from 

50  L  (p  J-)  y/  J  Test  No.  13.  The  slab  with  12%  UFAL 

^  ^  giobdy^  :  displayed  a  much  smoother  surface  than  the 

o  ^  r  i  pure  HTPB  slab.  This  evidence  suggests  that 

So  30  r  some  forms  of  heterogeneous  reactions  may 

gJ  20  ^  ^^\ioba!  i  surface  region,  and  thereby 

c  :  -  :  contribute  to  the  enhanced  regression.  Based 

^  i  on  Ref.  [16],  it  is  believed  that  when 

0m‘  I  1  I  1  I,  I  I  f  .1  I  I  [  1  1  I,  I  I  I  I  1  H  subjected  to  a  large  enough  heat  flux,  such  as 
^  5  ,10  15  20  25  occur  in  a  hybrid  rocket  motor,  UFAL 

Mass  Fraction  of  UFAl  (wt%  of  Total)  particles  vaporize  with  an  associated  high 
Figure  10,  Effect  of  UFAL  addition  on  global  heat  release.  Possibly,  the  unique  UFAL 
regression  and  mass  burning  rates  manufacturing  process  allows  the  particles  to 

form  in  a  metastable  state.  When  “disturbed”  by  heating,  the  particles  vaporize  and  release  their 
stored  energy.  This  energy  release  causes  a  greater  heat  feedback  to  the  fuel  surface  than  that  which 
occurs  in  pure  HTPB,  and  increases  the  regression  rate.  It  is  useful  to  postulate  another  mechanism 
associated  with  microexplosions  to  explain  the  rapid  reaction  of  the  aluminum  particles  near  the 
surface.  During  manufacturing,  the  UFAL  particles  were  formed  under  a  rapid  cooling  process.  A 
shell-like  crust  may  form  on  the  surface  of  the  particles  as  the  outer  region  cools,  inducing  a  high 
potential  for  built-in  thermal  stresses  within  the  particle  as  the  interior  region  cools  to  ambient 
conditions.  When  the  UFAL  particles  are  subjected  to  high  temperatures  near  the  fuel  surface,  the 
outer  shell  is  heated  and  softened  first.  The  internal  material  could  then  be  ejected  in  the  form  of  a 
microexplosxon.  Due  to  these  unusual  and  promising  characteristics  of  UFAL,  much  more  research 
in  this  area  is  required. 

^  '  .  V.-  ...  - 


Development  of  Regression  Rate 
Correlations 


One  of  the  major  goals  of  this  study  was  ^ 
to  develop  empirical  correlations  which  relate 
the  solid  fuel  regression  rate  to  operating 
conditions  and  geometry  of  the  motor. 

Accurate  estimation  of  solid-fuel  regression 
rate  is  needed  for  motor  design,  performance 
prediction,  and  low  residual  fuel  sliver  mass 
fraction. 

Once  the  instantaneous  regression  rate  has 
been  deduced  at  known  operating  conditions, 
the  data  can  be  correlated  with  other 
instantaneous  governing  parameters  such  as  G 
(or  Go),  P,  and  Dh  to  determine  their 
functional  relationships,  in  order  to  correlate 
experimental  data  over  a  broad  range  of  ^  ^ 

oxidizer  flux  levels,  the  effect  of  gas-phase  " 

radiation  on  regression  rate  must  be  ^  =  s  .{  s  v., 

considered,  as  discussed  in  Ref.  [17,18,19].  — . . r . . . — - - 

The  radiative  energy  flux,  though  normally  .  ,..,,.7?  . 

assumed  a  small  fraction  of  the  total  energy  ^2  &i  si  Li  si  si  st 

feedback  to  the  solid  fuel,  could  be  especially  ^  ~  ^ 

important  at  low  oxidizer  mass  fluxes,  Surface  characteristics  of  pure  HTPB  (bottom) 

Considering  an  approach  similar  to  that  taken  HTPB  with  12%  UFAL  addition  (top) 
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by  Marxman  et  al  [5],  the  following  functional  form  was  used  to  correlate  instantaneous  regression 
rate  with  instantaneous  motor  operating  conditions  and  geometry: 


r=  CiGox”'(— +  exp 

\G8xn-l  LGSxn-l 


(4) 


where  K  represents  the  gas  absorption  coefficient  and  h  is  the  instantaneous  port  height  between  the 
fuel  slabs.  The  dimensionless  form  of  Eq.  (4)  is 


2E  =  aiRe^-^  ( - 22 - (l_^-xph)  +  expf  ,(l-e->gph) 

Go  iGoRe^-l  iGoReJ-^ 


(5) 


In  Eq,  (4),  r  is  given  in  (mm/s),  Go  in  (kg/  m'>s),  p  in  (MPa),  x  in  (m),  and  h  in  (m).  The  term  (l-e" 


Kph)  in  Eq.  (4)  represents  the  emissivity  of  the  gas  phase  [20],  while  the  term  CiGq^  represents 


the  convective  contribution  to  the  regression  rate.  When  Kph  is  zero,  there  is  no  thermal  radiation 
from  the  gas  phase  and  the  term  in  curly  brackets  becomes  unity.  In  the  process  of  correlation 
development,  the  data  were  compared  to  CiGo*^  alone,  which  was  not  adequate  to  account  for 
the  regression  rate  values  at  the  lower  GOX  mass  fluxes.  The  more  complicated  form  of  Eq.  (4)  was 
necessary  to  adequately  correlate  the  data. 


Predicted  Regression  Rate  [mm/s] 

Figure  12.  Regression  rate  correlation  for  HTPB 

The  parameters  Cl,  C2,  m,  n,  and  k  were  found  using  a  least  squares  analysis  to  minimize  error. 
Figure  12  shows  the  experimental  regression  rate  versus  the  predicted  regression  rate  found  using 
Eq.  (4).  Almost  all  the  data  lies  within  a  ±5%  error  band,  indicating  that  the  correlation  properly 
represents  the  important  physical  processes  governing  solid  fuel  regression.  However,  it  should  be 
noted  that  the  data  shown  in  Fig.  12  represents  two  different  correlations:  one  for  the  laminar  flow 
regime  and  one  for  the  turbulent  flow  regime.  The  parameters  have  different  values  in  these  two 
regimes  as  shown  in  Table  2. 

TABLE  2 

Parameters  for  Correlations 


Parameter 

Laminar 

Turbulent 

Cl 

0.1165 

0.0158 

C2 

6.632 

84.389 

n 

0.50 

0.90 

m 

0.313 

0.344 

K 

17.13 

17.13 
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The  value  for  n  in  the  turbulent  regime  is  slightly  higher  than  the  theoretical  value  of  0.8.  Since  Gq 
has  been  used  here  instead  of  the  local  flux,  G,  this  difference  is  expected.  However,  the  0.5  power 
is  also  expected  since  the  laminar  region  exists  near  the  head  end  where  Go  is  quite  close  to  G. 
According  to  convective  theory,  the  regression  rate  should  depend  on  axial  position,  x,  to  the  -0.2 
power  in  the  turbulent  regime  and  -0.5  in  the  laminar  regime.  Here,  an  overall  positive  power  on  x 
was  found  for  both  regimes.  Since  Gq  has  been  used  here  instead  of  G,  the  positive  power  on  x 
probably  accounts  for  the  increase  in  regression  rate  due  to  mass  accumulation  in  the  downstream 
direction. 

Figure  13  shows  the  contribution  of  both  convection  and  radiation  to  the  regression  rate  versus 
oxidizer  mass  flux  for  Test  No.  15.  At  higher  mass  fluxes,  the  radiative  contribution  accounts  for 
about  6  or  7%  of  the  total  regression,  but  as  mass  flux  decreases,  the  radiation  becomes  more 
important,  eventually  providing  over  12%  of  the  overall  regression  rate.  At  higher  pressures,  the 
radiative  contribution  should  be  even  more  prominent  in  the  lower  mass  flux  regime.  The 
percentage  of  regression  rate  due  to  convection  was  evaluated  as  the  ratio  of  CiGq^  x^  to  the  left 
hand  side  of  Eq.  (4),  the  total  regression  rate.  The  percentage  of  regression  due  to  radiation  is  the 
difference  between  100  and  the  convection  portion. 


G^  [kg/m2-s] 

Figure  13.  Radiative  and  convective  contributions 
to  regression  rate 


CONCLUSIONS 

Several  conclusions  can  be  drawn  from  the  results  of  the  study: 

1 .  Mechanical  deformation  of  the  solid  fuel  slabs  during  the  motor  pressurization  and  de¬ 
pressurization  stages  can  significantly  influence  the  deduced  instantaneous  regression  rate. 
This  effect  must  be  accounted  for  when  analyzing  instantaneous  regression  rate  data.  An 
accurate  correction  method  has  been  developed  in  this  investigation. 

2.  With  the  above  factor  considered,  both  real-time  X-ray  radiography  and  ultrasonic  pulse- 
echo  methods  showed  similar  results  for  both  the  solid  fuel  instantaneous  web  thickness  and 
instantaneous  regression  rate. 

3.  The  addition  of  carbon  black  powder  as  an  opacifying  agent  had  no  observable  effect  on 
either  solid  fuel  regression  rate  or  surface  temperature.  It  is  believed  that  a  thin,  sooty  char 
layer,  formed  on  the  fuel  surface  during  burning,  has  the  same  effect  as  adding  carbon  black 
to  the  solid  fuel. 
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4.  Addition  of  ultra-fine  aluminum  powder  (UFAL)  caused  a  significant  increase  in  the  solid 
fuel  regression  rate.  The  solid  fuel  mass  burning  rate  was  increased  by  up  to  approximately 
70%  with  the  addition  of  20%  by  weight  of  UFAL  (the  maximum  percentage  tested).  It  is 
believed  that  UFAL  increases  the  regression  rate  by  enhancing  the  heat  release  at  or  near  the 
solid  fuel  surface. 

5.  Regression  rate  measurements  indicate  that  gas-phase  radiation  contributes  in  a  non- 
negligible  amount  to  regression  of  solid  fuels  at  low  oxidizer  mass  flux  levels  (below  about 
140  kg/  m^-s).  The  motor  pressure  plays  an  important  role  in  this  regime;  at  higher  pressures, 
gas-phase  emission  is  more  pronounced. 

6.  Taking  into  account  the  effects  of  gas-phase  radiation,  flow  regime,  and  axial  location, 
semi-empirical  correlations  have  been  developed  to  describe  the  regression  rate  of  pure 
HTPB  as  a  function  of  Go,  P,  x,  h,  L,  and  Rex-  These  variables  represent  a  priori  known 
design  parameters.  It  is  believed  that  the  correlations  presented  here  can  be  useful  design 
tools  to  help  predict  motor  performance  and  fuel  utilization. 
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COMMENTS 

Mehmet  Ali  Ak,  Middle  East  Technical  University,  Turkey: 

Is  the  decrease  in  motor  pressure  really  due  to  erosion  of  the  graphite  nozzle,  or  could  it  be  caused  by 
erosive  burning  of  the  solid  fuel? 

Author’s  Reply: 

Normally,  we  see  about  a  factor  of  2  or  3  drop  in  pressure  by  the  end  of  the  test  as  compared  to  the 
peak  pressure  just  after  ignition,  depending  on  the  particular  operating  conditions  and  test  duration. 
We  have  observed  that  the  throat  area  increases  by  about  a  factor  of  2  to  2.5  due  to  that  erosion,  so  it 
seems  logical  that  the  pressure  drop  is  due  mainly  to  this  effect.  However,  some  of  the  decrease  in 
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pressure  is  also  caused  by  a  decrease  in  overall  mass  flow  rate  (oxidizer  plus  fuel),  which  is  caused 
by  a  decrease  in  instantaneous  regression  rate. 

In  order  to  see  the  relative  importance  of  these  two  effects,  we  can  use  Test  17  as  an  example. 
The  pressure  ratio  is  the  product  of  the  mass  flow  rate  and  throat  area  ratios,  in  accordance  with  the 
steady  state  continuity  equation  applied  to  a  control  volume  around  the  entire  combustor  port.  For 
this  particular  case,  the  ratio  of  maximum  to  minimum  pressure  is  about  3,  the  ratio  of  maximum  to 
minimum  mass  flow  rates  is  about  1.2,  and  the  ratio  of  minimum  to  maximum  throat  area  was 
measured  to  be  about  2.5.  Therefore,  we  find  that  the  nozzle  erosion  accounts  for  about  83%  of  the 
pressure  drop. 


G.C.  Schuller,  LN.T.A.,  Madrid,  Spain: 

Have  you  planned  to  try  another  fuel  apart  from  HTPB?  How  were  the  combustion  times  of  your 
tests? 

Author’s  Reply: 

The  combustion  times  of  our  tests  were  about  6  to  12  seconds.  Besides  pure  HTPB,  we  have  already 
tested  HTPB+0.25%  carbon  black  and  HTPB+4,  12,  and  20%  ultra-fine  aluminum  powder  (UFAL). 
Some  of  these  results  are  reported  in  the  present  article.  In  the  future,  it  may  be  possible  to  test 
HTPB+Al  as  a  comparison  with  the  UFAL.  An  amount  of  JIRAD  hybrid  fuel  is  available  and  may 
also  be  tested  in  order  to  obtain  empirical  correlations  of  regression  rate  vs  operating  conditions. 
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REAL  GAS  EFFECTS  SIMULATION  IN  A  MODEL  GF2/O2 
ROCKET  THRUST  CHAMBER 


V.LGolovitchev  and  G.  Kriille  ^ 

^  Chalmers  University  of  Technology,  S-412  96  Goteborg,  Sweden;  ^  Forschungszentrum 
Lampoldshausen,  D-74239  Hardthausen,  Germany 


ABSTRACT :  A  CFD-model  for  a  multicomponent  reacting  mixture  of  real  gases  at  super¬ 
critical  conditions  is  integrated  into  the  KIVA-II  code  to  analyze  high  pressure  GH2IO2  ignition 
processes  in  a  model  single  injector  rocket  thrust  chamber.  The  model  incorporates  mixture 
thermodynamic  anomalies  accounted  for  in  terms  of  the  Redlich-Kwong  equation  for  O2,  while 
another  species  are  treated  eis  ideal,  perfect  gases,  the  k  —  e  turbulent  submodel  for  compressible 
media,  and  equilibrium  and  finite-rate  combustion  chemistry.  The  detailed  mechanism  of  H2IO2 
oxidation  is  used  to  simulate  ignition  initiated  by  ”hot  spots”.  The  ’’dense”  gas  formulation,  in 
contrast  to  the  ideal  gas  model,  predicts  mixing  enhancement  within  the  cylindrical  part  of  the 
thrust  chamber  leading  to  a  decrease  in  the  oxygen  jet  core  length,  more  stringent  requirements 
for  mixture  flammability  and  reduced  combustion  efficiency.  Using  equilibrium  chemistry,  the 
model  does  not  predict  ignition  and  pressure  rise  time  histories  comparable  to  the  results  of 
calculation  with  finite-rate  kinetics. 


NOMENCLATURE 


a,b 

constants  of  R-K  eq. 

c 

molar  density,  constant 

d,D 

binary  and  effective  diffusion 

e 

internal  energy 

F 

heat  flux 

h 

specific  enthalpy 

J 

diffusion  flux 

k 

turbulent  energy 

M 

Mach  number,  molecular  mass 

P 

static  pressure 

Pr 

Prandtl  number 

Qc 

heat  release  rate 

Ro 

gas  constant 

FT 

time,  temperature 

U 

velocity 

u 

velocity  components 

V 

molar  volume 

X 

mole  fraction,  coordinates 

S 

Kronecker  delta 

e 

dissipation  rate 

K 

conductivity 

fi 

dynamic  viscosity 

U 

kinematic  viscosity 

P 

mass  density 

P 

production  rate 

0 

viscous  stress 

^a,b 

constants  of  R-K  eq. 

V 

nabla  operator 

vector  quantity 

tensor  quantity 

averaged  quantity 

If  / 

fluctuations 

INTRODUCTION 

The  need  to  improve  the  analysis  of  high  pressure  GH2/LOX  rocket  engines  with  the  help 
of  computational  fluid  dynamics  has  been  well  recognized.  The  reliability  of  computer  results 
depends  on  the  physical  models  implemented  to  simulate  the  dominating  in-chamber  phenomena, 
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i.e.,  propellants  injection,  liquid  component  atomization  and  gasification,  turbulent  mixing  and 
combustion  [1].  To  such  a  purpose,  a  theoretical  model  [2]  based  on  the  KIVA-II  code  [3]  is 
developed  and  applied  to  a  single  injector  model  thrust  chamber.  In  order  to  simulate  the  in¬ 
chamber  processes,  it  was  necessary  to  modify  the  grid  generator,  the  boundary  conditions,  and 
to  incorporate  detailed,  (8  species,  26  reactions),  finite-rate  H2IO2  combustion  chemistry,  and 
models  for  the  thermodynamic  anomaly,  as  well  as  for  compressible  turbulence. 

In  fact,  vaporized  LOX  near  the  faceplate  is  injected  at  supercritical  conditions,  thus  in¬ 
volving  substantial  deviations  of  fluid  properties  from  the  ideal  gas  model.  As  a  first  step, 
the  volumetric  behavior  of  a  mixture  as  a  function  of  pressure,  temperature  and  composition 
is  described  in  terms  of  the  Redlich-Kwong  equation,  with  its  parameters  determined  from  the 
’’mixing  rules”  of  [4].  Compressibility  effects  are  taken  into  account  through  the  dilatation  terms 
in  the  transport  equation  for  the  averaged  turbulent  kinetic  energy  and  in  the  Newton’s  law  ana¬ 
logue  for  turbulent  fluid.  A  reduced,  algebraic  form  of  the  turbulent  kinetic  energy  dissipation 
rate  is  used  in  the  simulations. 

2D  numerical  modeling  is  applied  to  a  single  coaxial  H2IO2  injector  reference  thrust  chamber, 
including  the  cylindrical  combustor  and  a  portion  of  the  Laval  nozzle.  This  chamber  geometry 
is  under  experimental  study  at  the  DLR  Lampoldshausen  Research  Center  [5].  The  numerical 
results  presented  here  are  time  histories  of  flow  parameters  illustrating  ignition  development 
initiated  by  hot  spots,  i.e.,  internal  energy  sources  at  some  points  in  the  flowfield.  Calculations 
are  prolonged  up  to  the  ’’steady  state”  using  both  finite-rate  and  equilibrium  chemistry  for  two 
thermodynamic  models:  the  ideal  gas,  and  the  ’’dense”  gas  at  supercritical  conditions. 

DENSE  GAS  INJECTION  MODEL 

The  compressible  dense  gas  flow  is  governed  by  the  conservation  laws  in  the  following  form. 

Mass  : 

|j  +  v-(^[0  =  o  (1) 

where  U  is  the  vector  of  fluid  velocity,  and  p  is  the  total  fluid  density. 

Momentum  : 

^  +  V  •  {pUU)  =  -  Vp  +  V  •  (5-)  (2) 

where  p  is  the  pressure,  and  <7  is  the  turbulent  viscous  stress  tensor  defined  later. 

Energy  : 

^  +  V-(pei/)  =  -pV.f7  +  (l-/)5:Vi/ 

+  /pe  -  V  •  (F)  +  g,  (3) 

where  e  is  the  internal,  (exclusive  of  chemical),  energy  per  unit  mass,  e  is  the  turbulence  kinetic 
energy  dissipation  rate,  F  is  the  heat  flux  vector,  and  Qc  is  the  volumetric  chemical  heat  release 
rate.  The  factor  /=0  for  laminar,  and  /=!  for  turbulent  flows,  indicate  that  for  turbulent  flows 
the  term  is  a  measure  of  k  production,  rather  than  a  contribution  to  the  internal  energy. 

Species  Concentration  : 

^  +  V  •  (P.t?)  = -V  •  (X)  +  (p.)c  (4) 

ot 

s  =  l,Ns 

Here,  X  is  the  diffusion  mass  flux  of  the  s-species,  AL  is  the  number  of  species,  and  [f)s)c  are  the 
chemical  mass  production  terms. 
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The  diffusion  mass  flux  is  used  in  a  generalized  form  of  the  Pick’s  law 

X  =  -cDsV(pJc)  +  {cpjp)  DiV(pilc) 

i 

D,  = 


where  dis  is  the  binary  diffusivity  for  each  pair  (z,s)  of  species,  Xs=Cs/c  is  the  mole  fraction, 
Cs=Ps/Ms.  and  Ms  are  the  molar  density  and  the  molecular  mass  of  species  s,  respectively. 

The  heat  flux  vector  is  given  by 

F  =  -/cVr  +  2/i.X  (6) 

where  k.  is  the  thermal  conductivity  of  the  mixture,  hs  is  the  specific  enthalpy  of  the  s-species. 
Molecular  transport  coefficients  were  calculated  with  the  help  of  the  CHEMKIN  libraries  [9]. 
Among  existing  two-constant  equations  of  state  [4],  the  Redlich-Kwong  equation  was  selected 
as  the  most  simple  and  accurate  at  high  pressures.  The  Redlich-Kwong  equation  is: 


(Vi-b)  ^V.{Vi  +  b) 


= 

i=i 


Gij  —  y^aiaj^  bij  —  -  Gi  —  — 

n,  =  0.4278,6;  =  Hi,  =  0.0867 

where  a  and  b  are  the  R-K  equation  parameters. 

The  heat  capacity  of  the  mixture  is  calculated  as  a  sum  of  the  calorically  perfect  contribution 
[6]  and  a  residual  heat  capacity  evaluated  with  the  help  of  a  ’’departure  function”  expressed 
in  terms  of  the  R-K  equation  [7].  Thes  data  were  stored  in  a  tabular  fashion  and  used  in 
calculations.  Figure  4  shows  the  density  of  mixture  as  a  function  of  temperature  for  several 
different  compositions  at  100  atm.  It  illustrates  that  the  ’’real  gas”  corrections  are  substantial 
at  low  temperatures  and  high  concentrations  of  O2.  Figure  5  illustrates  the  anomaly  in  the  heat 
capacity  of  oxygen  in  the  vicinity  of  the  critical  point. 

Turbulent  mass,  momentum  and  energy  transport  dominate  in  a  rocket  thrust  chamber.  Nev¬ 
ertheless,  the  entrainment  rate  of  compressible  flows  is  less  than  that  of  corresponding  incom¬ 
pressible  flows.  To  simulate  stratified  compressible  turbulent  flow,  the  transport  k  —  e  equations 
w'ith  some  additional  terms  are  solved 


Turbulent  Kinetic  Energy  : 


dpk  dpujk 
dt  ^  dxj 


„  dp'  ^  p’u]  dp 
*  dxi  p  dxi 


The  superscript 'refers  to  the  mass-averaged  values,  Prk  is  the  turbulent  Prandtl  number  for  k. 
The  turbulent  viscous  stress  tensor  is  given  by 


aij  =  -pUiUj 


.dUi  dUj 

dxj  dxi 


^  r  \  r  -7  r'^ 


where  pt  is  the  turbulent  viscosity,  and  is  the  model  constant. 


736 


Compressibility  effects  are  taken  into  account  through  the  dilatation  terms  V  •  U  included 
into  the  transport  equation  for  the  averaged  turbulent  kinetic  energy  and  Newton’s  law  for  a 
turbulent  fluid.  The  turbulence  production  now  contains  the  term  — 2/3pA:V  •  U ^  which  behaves 
as  a  source  in  the  compression  flow  regions  (V  ’U)  <  0,  and  as  a  sink,  when  (V  •  >  0-  The 

compressible  dissipation  terms  are  assumed  to  depend  on  the  local  turbulent  Mach  number.  The 
trace  of  the  pressure-strain  rate  tensor,  (’’towards  isotropy”  term),  is  approximated  in  terms  of 
the  second  order  closure  modeling  [8],  i.e., 

(p'ul),i^-pkV -U,  (10) 


The  original  e-equation  deduced  from  eq.  (8)  by  dividing  its  terms  by  a  time  scale  /c/e 
demonstrates  the  canonical  Landau  nonlinearity,  complicating  an  evolution  of  turbulence  in  the 
thrust  chamber  flow  when  the  velocity  changes  from  low  subsonic  to  supersonic  due  to  the 
compressibility  effects.  The  result  could  be  a  quasi-periodic  motion  characterized  by  more  and 
more  periods  appearing  in  succession;  in  the  limit  of  ->  oo  the  number  of  periods  becomes, 
likewise,  infinitely  large.  This  flow  complexity  cannot  be  reproduced  on  a  coarse  computational 
grid.  Besides,  in  the  limit  of  high  i?e,  the  e-equation  reduces  to  a  balance  between  the  triple 
correlation  of  the  velocity  gradients  and  the  second  derivatives  of  the  velocity 


d'^Ui  ^  duj  duj  duj 
^  dxjdxk  dxk  dxj  dxk 


(11) 


from  which,  under  certain  assumptions  [8],  the  expression  follows  which  is  formally  consistent 
with  the  Kolmogorov’s  microscale  definition. 

Exploiting  this  circumstance,  the  grid  size  A  in  the  simulations  is  identified  with  the  Kol¬ 
mogorov’s  microscale  A=4  =  where  i/*  =  c^k'^  jc  is  the  ’’turbulent”  kinematic  viscosity, 

and  used  in  order  to  calculate  the  dissipation  rate  from  the  Ik  definition.  The  turbulent  diffu¬ 
sion  of  mass  and  energy  is  simulated  by  means  of  appropriate  turbulent  Schmidt  and  Prandti 
numbers.  There  is  no  intension  to  simulate  turbulence/combustion  interaction,  although  the 
importance  of  such  a  modeling  is  acknowledged. 


COMBUSTION  MODEL 

The  finite-rate  chemically  reacting  flow  problem  is  difficult  to  solve  because  the  mass  balance 
equations  are  numerically  stiff.  The  KIVA-II  code  facilitates  the  treatment  of  combustion  chem¬ 
istry  by  subdividing  the  mechanism  into  finite-rate  and  equilibrium  reactions.  The  finite-rate 
ki2l02  combustion  mechanism,  (8  species,  26  reactions),  and  reaction  rate  parameters  in  the 
Arrhenius  form  are  listed  in  Table  1  and  based  mainly  on  the  data  in  [10],  The  third  body  con¬ 
centrations  Mi  and  chaperon  efficiencies  are  defined  by  following  expressions:  Mi  = 
where  [Xg]  is  a  species  molar  density,  and  cti^H2—  <^i,//2O=12.0,  cx2,H2O=^^-0-  Rate 

coefficients  for  the  backward  reactions  are  computed  with  the  help  of  linear  regression.  The  equi¬ 
librium  combustion  mechanism  consists  of  stages  27-31  from  Table  1.  If  the  forward  reaction 
rate  coefficients  are  equal  to  1.0,  the  regression  procedure  yields  the  corresponding  equilibrium 
constants.  The  mechanism  is  used  in  conjunction  with  the  ignition  threshold  and  turns  on  when 
the  temperature  reaches  the  prescribed  level. 

A  sensitivity  analysis  applied  to  this  reaction  scheme  shows  that  at  low  pressure  the  igni¬ 
tion  process  is  controlled  well  by  the  classic  H2/O2  combustion  mechanism,  (reaction  3  in  Table 
1  dominates),  while  at  high  pressures,  the  role  of  the  trimolecular  reaction  7  becomes  more 
pronounced  during  the  induction  period.  The  competition  between  reactions  3  and  7  defines 
the  non-monotonous  dependence  of  ignition  delays  on  the  pressure.  The  mechanism  was  tested 
by  comparing  computed  results  with  the  experimental  data  [11]  for  the  ignition  delay  times  of 
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H2lAir  mixtures  at  2  atm,  (see  Figure  3).  Although  experimental  data  for  rocket  chamber  con¬ 
ditions  are  not  available,  the  computer  results  presented  in  Figure  3  demonstrate  no  substantial 
difference  in  the  ignition  mechanism  in  the  case  of  high  pressure. 

Table  1 


Reaction  Mechanism  for  H2IO2  Combustion 


Reaction 

a} 

c? 

I.H2-¥02^0H  ^OH 

1.7-10^^ 

0.0 

47780. 

2.H2  +  0H^  H20-\-H 

1.2 -lO^® 

1.30 

3626. 

2,.0  +  OH  ^02  +  H 

4.0-10^^ 

-0.50 

0. 

A.0  +  H2^0H-^H 

5.0  •  10°^ 

2.67 

6290 

5M  -f-  HO2  ^  0  -b  i/sO 

3.1  •  10'“ 

0.0 

3590. 

6.0  -b  OR  +  M  RO2  +  M 

1.0-10^® 

0.0 

0. 

i  .H  "b  O2  “b  M2  ^  H O2  T  M2 

3.6  ■  10“’’ 

-0.72 

0. 

8.OR-bR02^R20-bO2 

7.5  •  10^^ 

0.0 

0. 

9.R-bR02#0R  +  0R 

1.4-10''' 

0.0 

1073. 

IO.O  +  RO2  f^02  +  0R 

1.4  •  10^2 

0.0 

1073. 

11.0R-b0R#0-bR20 

6.0  •  10^^ 

1.3 

0. 

12.R  +  R  +  M1  ^R2  +  Mi 

1.0*  10^® 

-1.0 

0. 

13.R  +  R  +  R2  ^  R2  +  R2 

9.2-10^^ 

-0.6 

0. 

14.R  +  if  +  1^20  ^  R2  +  R2O 

6.0  - 10^® 

-1.25 

0. 

15.R  +  OR  +  M  ^  R2O  +  M 

1.6  •  10^2 

-2.0 

0. 

16.R  -b  0  +  M  ^  OR  -b  M 

6.2-  10^® 

-0.6 

0. 

17.0  +  0  -b  M  ^  O2  -b  M 

1.9-  10^^ 

0.0 

-1788. 

18.R-bR02^R2+02 

1.2-  10^3 

0.0 

0. 

I9.RO2  +  RO2  ^  R2O2  -b  O2 

2.0-10^2 

0.0 

0. 

2O.R2O2  -b  M  ^  OR  +  OR  -b  M 

1.3-10^' 

0.0 

45500. 

21.R2O2  -b  R  ^  RO2  +  R2 

1.6 . 10"“ 

0.0 

3800. 

22.R2O2  +  R  ^  R2O  +  OR 

1.0-10^^ 

0.0 

3590. 

23.R2O2  -b  OR  #  R2O  -b  RO2 

1.0*  10^3 

0.0 

1800. 

23.R2O2  +  R  ^  R2O  -b  OR 

1.0-10^^ 

0.0 

3590. 

24.R2O2  T  0  ^  R2O  “b  O2 

8.4*  10“ 

0.0 

4260. 

25.R202  +  0#0R-bR02 

2.0*  10^3 

0.0 

5900. 

26.RO2  +  R2  ^  R2O  +  OR 

6.5. 10“ 

0.0 

18800. 

27.02^  O-bO 

1.0 

28.R2  ^  R  +  R 

1.0 

29.R2  -b  O2  ^  OR  -b  OR 

1.0 

30.R20  +  OR^R02  +  R2 

1.0 

31.R2O  -b  R2O  ^  R2O2  +  R2 

1.0 

The  table  consists  of  two  blocks  for  elementary  and  equilibrium  reactions,  respectively.  Rate 
coefficients,  third  body  concentrations  Mi  and  chaperon  efficiencies  are  taken  in  the  form  of  [10]. 


REACTIVE  FLOW  SOLVER 

Combustion  in  a  rocket  thrust  chamber  is  characterized  by  the  existence  of  vastly  differ¬ 
ent  time  and  length  scales  associated  with  convective,  diffusive  and  chemical  processes.  The 
flow  Mach  number  tends  to  zero  near  the  injection  plate  and  is  supersonic  at  the  nozzle  exit. 
For  density  based  algorithms,  the  numerical  stability  restrictions  require  very  small  time  steps. 
To  overcome  this  difficulty,  the  KIVA-II  code  uses  the  semi-implicit,  pressure  based  algorithm 
coupling  iteratively  all  Mach  number  fluid  mechanics  with  global,  finite-rate  and  partial  equilib¬ 
rium  chemistry.  The  application  of  the  solution  procedure  to  the  detailed  mechanism  of  H2/O2 
combustion  is  relatively  straightforward. 
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Each  cycle  of  calculations  is  divided  into  three  steps.  Steps  1  and  2  constitute  a  Lagrangian 
stage  in  which  the  cell  vertices  move  with  the  fluid.  Step  1  of  the  computations  accounts  for 
the  gas-phase  chemical  reactions.  Step  2  computes  the  pressure  gradients  in  the  momentum 
equation  and  the  velocity  dilatation  terms  in  the  mass  and  energy  equations,  as  w'ell  as  viscous 
and  diffusion  terms.  In  Step  3,  the  frozen  flow  field  is  rezoned  onto  a  fixed  Eulerian  grid.  This 
step  is  equivalent  to  a  convective  "fluxing”  using  a  quasi-second  order  upwind  monotone  scheme. 
The  convection  time  increment  satisfes  the  Courant  stability  condition. 

The  axisymmetric  slice  of  the  test  geometry  is  modeled  on  a  26x2x31  grid.  The  boundary- 
conditions  are  the  specified  inlet  parameters  and  the  pressure  at  the  outflow  boundary.  The 
centerline  of  the  flow  is  a  symmetry  condition,  and  the  "law  of  the  wall”  model  is  used  to  sim¬ 
ulate  a  near-wall  boundary  layer  with  a  heat  transfer.  The  inflow  conditions  are  prescribed  to 
distinguish  between  the  ideal  gas  and  the  dense  gas  models.  The  mixture  ratio  0/F=6  is  kept 
constant  for  both  cases.  The  chamber  pressure  is  a  self-adjusting  function  of  time  depending  on 
turbulent  mixing  and  heat  release.  The  back  pressure  was  calculated  from  ID  gasdynamics. 


RESULTS  AND  DISCUSSION 

Numerical  modeling  was  performed  for  a  single  coaxial  injector  reference  thrust  chamber, 
(see  Figure  5),  including  the  cylindrical  combustor  and  a  portion  of  the  Laval  nozzle.  The  model 
thrust  chamber  has  the  following  main  dimensions:  the  length  and  the  radius  of  the  cylindrical 
portion  are  .2  m  and  .015  m;  the  lengths  and  the  critical  radius  of  the  Laval  nozzle  are  .0269 
m  and  .0592  m,  respectively.  The  longitudinal  position  of  the  critical  cross  section  is  .2212  m. 
The  injector  radii  are  .0023  m,  .0035  m  and  .004  m,  respectively.  Low  temperature,  (100  K), 
oxygen  and  hydrogen  are  injected  at  different  velocities,  (22  and  250  m/sec,  respectively),  into 
a  high  pressure,  (20  bar),  chamber  environment.  Calculations  begin  with  the  chamber  full  of 
stagnant  nitrogen.  The  combustion  process  is  initiated  by  "hot  spots”  at  a  prescribed  instant,  (6 
msec),  turned  on  for  some  time,  (~  1-2  msec),  and  then  turned  off,  simulating  typical  pyroforic 
ignition  devices  or  sparks.  The  amount  of  the  energy  supplied  must  be  sufficient  to  support 
the  development  of  finite-rate  ignition.  The  inlet  level  of  turbulent  kinetic  energy  is  specified  as 
1-2%  of  the  total  flow  kinetic  energy,  while  the  turbulent  length  scales  are  selected  as  fractions 
of  the  characteristic  diameters  of  the  injector  elements. 

A  transient  plot  of  the  chamber  pressures  is  shown  in  Figure  4  for  the  finite-rate  and  equi¬ 
librium  chemistry  models.  The  pressure  rise  is  associated  mainly  with  the  heat  release.  In  the 
ca.se  of  "weak”  ignition  the  combustion  process  cannot  be  initiated.  The  results  presented  in 
Figure  5  are  typical  transient  plots  of  temperature  corresponding  to  a  low  preturbulence  level, 
(~  1%  of  the  total  kinetic  energy),  in  the  mixing  propellant  jets,  and  illustrate  the  ignition  de¬ 
velopment  starting  from  the  "hot  spot”,  (plot  1,  7.26  msec),  up  to  the  steady-state  combustion 
regime,  (plot  4,  12.0  msec).  During  the  transient  computations,  it  was  observed  that  the  flow 
parameters  were  pulsating  due  to  a  "periodical”  change  in  the  intensity  of  the  heat  release.  This 
phenomenon  is  indicative  of  a  coupling  between  the  combustion  and  fluid  dynamics  processes 
and  is  less  pronounced  in  the  ideal  gas  model.  As  a  result,  the  temperature  in  plot  3,  (9.26 
msec),  is  lower  than  that  in  the  earlier  combustion  stage.  The  flame  length  at  this  instant  is  the 
largest,  as  the  reactants  are  consumed  not  only  in  the  initial  mixing  zone,  but  also  in  the  region 
where  the  cold  mixture  has  had  time  to  premix  before  ignition. 

The  supercritical  "dense"  fluid  formulation,  in  contrast  to  the  ideal  gas  model,  yields  signif¬ 
icant  changes  in  the  thrust  chamber  flowfield.  The  correct  O2  injection  density  ~  llOQkg/m^ 
enhances  the  mixing  rate  within  the  cylindrical  part  of  the  thrust  chamber,  especially  at  higher, 
(~  4%),  preturbulence  levels.  Preturbulence  leads  to  a  rapid  destruction  of  the  cold  oxygen  jet 
core  and  therefore,  results  in  a  higher  combustion  efficiency.  The  steady-state  mixture  parame¬ 
ter,  (i/20,  i/2,  and  O2  mass  fractions  and  temperature),  plots  for  the  ideal  gas  and  equilibrium 
chemistry  models  are  presented  in  Figure  6.  A  comparison  of  the  temperature  distribution  4  in 
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Density  of  O/Hg  Mixture 


(R«dlicft-Kwong  Equation) 
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Figure  1.  Density  of  O2I H2  mixture  at  Figure  3.  Ignition  delay  times  for  H2IO2 
supercritical  conditions.  Dashed  line  corre-  mixtures  at  low  and  high  pressures.  Ex- 
sponds  to  the  ideal  gas  model  for  pure  02-  perimental  data  correspond  to  stoichiometric 

H2/Air  mixture  at  2  atm. 


Heat  Capacity  of  Dense  Og  at  Constant  Pressure 


(Redlich-Kwong  Equation) 


Figure  2.  Variation  of  Cp  of  dense  O2  as  a 
function  of  temperature  and  pressure  in  terms 
of  the  real  gas  model. 


High  Pressure  Oj/Hj  Combustion  Simulation 


(Pressure  vs  time  history) 


Figure  4.  Chamber  pressures  as  a  func¬ 
tion  of  time  for  different  chemical  models  of 
ignition. 
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REFEREINCE  ROCKET  THRUST  CHAMBER 
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Figure  5.  IViiipnaUiir  disUibulious  al  d'drf'rt'iil  instants:  /,  —  V  .20,  7.9.  9.26,  ainl  12.0  nisei 

respectively.  F(cal  g«.s  model. 


Figure  6.  Steady-state  flow  parameter  dislribulioiis:  H2O,  Hi,  O2,  and  temperature. 

respectively.  Idt.al  gas  model. 
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Figure  (i  with  ijie  teinperciture  plot  in  Figure  5  roiinrins  the  aforeiijeiitioned  c<Micii.ision.  '['he- 
teiiiperatun'  peaks  at  3856  K  which  is  close  to  the  e(|nilihnuni  limit  at  constant  volume. 

If  the  simulation  starts  with  the  chamber  full  of  moving  //-i,  the  pressure  vs  time  histoiw  does 
not  show  the  initial  rise  as  ran  be  seen  in  Fhguve  1.  Design  chamber  pressure,  1 00  bar),  was 
not  rea.clu'd  in  all  cases  because  of  incomplete  combustion,  a  signiheant  result  associated  with 
tinite-rate  kin(‘tics. 


CONCLUSION 

Numerical  results  show  the  essential  role  of  finite-rate  chemistry  and  thermodynamic  non- 
ideal  ga.s  behavior  in  the  simulation  of  high  pressure  combustion.  'Fin’ enhanced  mixing 

process  (kiermines  the  location  of  the  combustion  zone  and  yields  a  large  difference  lor  tlie 
in-eiiainber  stea.dy  state  solution  in  comparison  with  tin'  id(xi.l  gas  model.  Fven  though  tiic 
equililniiim  mode!  is  used  in  conjunction  with  the  (emjjera.tiire  threshold,  it  does  not  simulate 
tlie  ignition  process  comparable  to  that  of  finite- rate  chemistry. 
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EFFECTS  OF  FLAME  BEHAVIOR  ON  A  GASEOUS  METHANE/OXYGEN 
SMALL  THRUSTER  PERFORMANCE 


KATO  Hideki,  IKEZAKI  Takashi,  and  YUASA  Saburo 
Tokyo  Metropolitan  Institute  of  Technology, 
Asahigaoka  6-6,  Hino-shi,  Tokyo  191,  JAPAN 


ABSTRACT:  This  paper  reports  the  experimental  results  of  the  basic  performance  of 
a  Gch4/Go2  small  thruster  with  a  swirl-coaxial  injector.  The  effects  of  the  equivalence 
ratio  of  CH4/O2  mixtures  and  the  swirl  intensity  of  the  O2  injector  on  the  combustion 
characteristics  of  the  combustion  chamber  were  studied.  It  was  found  that  applying 
swirl  to  the  O2  jet  greatly  improved  the  thruster  performance  by  increasing  the  mixing 
rate  between  the  propellants.  The  performance  was  also  influenced  by  the 
equivalence  ratio.  Direct  observation  in  the  combustion  chamber  showed  that  when 
the  swirl  intensity  of  the  O2  jet  was  small,  the  flame  lifted  at  low  equivalence  ratios 
and  the  rim  stabilized  flame  was  formed  at  high  equivalence  ratios.  For  higher  swirl 
intensity,  only  a  lifted  flame  was  developed  over  the  range  of  the  equivalence  ratio 
tested.  The  tendency  is  explained  by  the  ratio  of  the  angular  momentum  of  the  O2 
jet  to  the  linear  momentum  of  CH4  jet.  The  lifted  flames  had  a  favorable  effect  on  the 
mixing  between  the  propellants,  resulting  in  the  good  thruster  performance. 
Emission  spectra  from  the  flame  in  the  combustion  chamber  were  measured  to  make 
the  combustion  process  clear.  The  measurement  showed  that  the  various  reactions 
including  the  generation  of  OH,  CH  and  C2  initially  proceeded  on  the  injector  side. 
The  formation  order  and  intensity  variation  of  the  species  were  discussed. 


INTRODUCTION 

Hydrocarbon  fuels  are  proposed  for  propellants  of  booster  rocket  engines  to  launch 
vehicles.  Methane  is  denser  than  hydrogen,  relatively  cheap,  and  gives  relatively 
good  performance.  With  oxygen,  therefore,  it  is  a  candidate  propellant.  It  is  well 
known  that  combustion  in  thrust  chambers  is  strongly  influenced  bv  the  design  of 
injectors,  though  the  detailed  effects  of  injectors  on  combustion  phenomena  in  a 
combustion  chamber  have  not  yet  been  clarified. 

We  developed  a  GCH4/GO2  thruster  for  obtaining  fundamental  data  and  comparing  to 
the  H2/O2  thruster.  [1]  The  present  experiments  focused  on  the  effects  of  ^  of  CH4/O2 
mixtures  and  the  swirl  intensity  of  the  injector  on  the  combustion  characteristics  of  the 
combustion  chamber.  The  swirl  intensity  of  the  injector,  represented  by  the  swirl 
number  Sg,  was  defined  as  the  ratio  of  angular  momentum  flux  to  (radius  x  axial 
momentum  flux),  depending  on  the  configurations  of  the  02  injector  port.[2] 
Spectroscopic  analysis  was  made  to  improve  our  understanding  of  the  combustion 
phenomena. 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

Figure  1  shows  a  cross-sectional  view  of  the  thruster  used  in  this  study,  which  is 
basically  the  same  as  that  used  for  the  GH2/GO2  small  thruster.  [1]  The  chamber  and 
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Figure  2.  Schematic  of  the  coaxial  injectors:  Type-A  injector,  Sg  =  0.78  and 
Type-B  injector,  Sg=0.68. 


the  nozzle  were  fabricated  from  oxygen -free  copper  and  were  water  cooled.  Two  small 
quartz  glass  windows  were  located  at  x  =  25  mm  and  115  mm  downstream  of  the 
injector  exit,  which  allowed  the  inside  of  the  combustion  chamber  to  be  viewed.  The 
propellants  were  ignited  by  a  spark  plug  mounted  on  the  middle  part  of  the  chamber 
wall.  Gaseous  methane  and  oxygen  were  introduced  into  the  chamber  through  a 
single  coaxial  injector.  To  promote  mixing  between  the  propellants,  swirling  motion 
was  apphed  to  the  O2  jet.  Two  types  of  injectors,  Type-A  and  Type-B  as  shown  in  Fig.2, 
were  used  to  vary  the  injection  velocity  ratios  between  the  propellants.  The  swirl 
numbers  Sg  are  listed  in  Table  1.  Flame  appearances  were  photographed  using  a 
borescope,  and  emission  spectra  were  measured  through  a  quartz  fiber  using  a  multi¬ 
channel  detector  with  a  photodiode  of  1024  channels. 
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Nominal  chamber  conditions  and  performances  were  as  follows: 

Chamber  pressure  Pc  0.39  MPa, 

Gch4  mass  flow  rate  mcH4  0.021  kg/s, 

Go2  mass  flow  rate  mo2  0.051  kg/s , 

Equivalence  ratio  of  propellants  <j)  1-6, 

Thrust  F  136  N , 

Specific  impulse  Isp  193  s . 


The  experiments  were  carried  out  by  varying  the  equivalence  ratio  ^  in  the  range  firom 
1.1  to  2.1.  The  time  duration  of  a  test  firing  was  12  seconds. 


Table  1 

Injector  Geometry 


Tvpe-A 

Tyne-B 

Port  area  (GO2),  mm^ 

38.5 

50.3 

Annulus  area  (GCH4),  mm^ 

34.6 

27.7 

Geometric  swirl  number,  Sg 

0,  0.78,  1.40 

0. 0.68 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Performance  Evaluations 

Figures  3  and  4  show  Isp  and  c*  efficiencies  measured  without  the  correction  of  heat 
losses.  [3]  In  the  case  of  Type-A  injector  at  Sg=  0,  the  chamber  pressure  did  not  attain 
the  design  point  and  the  maximum  value  of  the  pressure  was  only  0.29  MPa.  At  (p 
ranging  between  1.2  to  1.6,  measured  values  of  Isp  and  c*  efficiencies  tended  ^ 
increase  with  increasing  (f>.  The  maximum  values  were  about  127  s  ^^d  0.72, 
respectively.  These  were  far  lower  than  the  theoretical  values  because  under  no 
swirling  condition  the  design  chamber  pressure  could  not  be  attained  even  at  the 
design  flow  rates  of  O2  and  CH4.  The  low  levels  of  the  c’*' efficiency  indicate  incompl^e 
combustion.  Ignition  did  not  occur  when  p  was  larger  than  1.6.  With  O2  swirl,  the 
maximum  values  of  /5/>and  efficiency  were  about  170  s  and  0.91,  respectively.  For 
Sg=  0.78  Isp  attained  a  maximum  value  at  <p  of  about  1.5,  which  is  smaller  than  the 
theoretically  calculated  ratio  of  1.6.  For  higher  swirl  intensity,  6^^-  1.40,  attained 
a  maximum  value  at  about  (p  =  1.6.  c^efficiencies  decreased  from  0.93  to  0.89  it  p  was 
increased. 

In  the  case  of  Type-B  injectors  at  Sg  =  0,  the  chamber  pressure  was  0  33  ]\^a. 
Though  each  performance  value  was  improved  slightly  compared  to  that  obtained  by 
Type-A  at  Sg=  0,  c*  efficiency  was  still  low.  In  the  case  of  Sg=  0.68,  Isp  was  almost 
the  same  value  as  that  for  Type-A  with  swirl  up  to  =  1.6,  and  was  an  intermediate 
value  at  higher  (p.  There  was  no  difference  of  efficiency  between  Type-A  and 
Type-B. 

These  results  indicate  that  application  of  swirling  motion  to  the  O2  iet  greatly 
improved  the  thruster  performance.  The  performance  was  also  improved  by  using 
Type-B  injectors. 


Flame  Configurations 

In  order  to  obtain  a  better  understanding  of  the  combustion  behavior,  photographs  of 
the  flames  in  the  combustion  chamber  at  a'=  25  mm  and  115  mm  fi*om  the  injector  sxit 
were  taken.  Variations  of  flame  configurations  obtained  in  this  study  are  summarized 
in  Table  2. 
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Table  2 

Flame  Configurations 


Flame  Configuration 

«J=1.3  ,^^=1.7 

Type -A 

0 

0.78 

Lifted  Flame  i  Rim-stabilized  Flame 

1.40 

Lifted  Flame 

Type-B 

0 

Jet  Diffusion  Flame  . 

0.68 

Rim -stabilized  Flame 
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Figure  5  shows  typical  flame  appearances  observed  for  Type-A  injectors.  Under  the 
condition  of  no  swirling  motion,  a  stable  ordinary  jet  diffusion  flame  stabilized  on  the 
injector  rim  was  formed  (Fig.5-a).  Even  near  the  n9zzle  entrance,  combustion  was 
confined  to  the  narrow  region  on  the  control  axis.  This  suggests  incomplete 
combustion  in  the  chamber,  resulting  in  decreases  of  the  efficiency  and  the  chamber 
pressure.  For  Sg~  0.78,  two  typical  configurations  of  the  flames,  a  lifted  and  a  rim- 
stabilized  flame,  were  observed  depending  on  as  shown  in  Figs.  5-b  and  5-c.  When  ^ 
was  smaller  than  1.3,  the  flame  lifted  (Fig.5-b).  When  (!>  exceeded  1.7,  only  a  rim- 
stabilized  flame  developed  and  had  the  characteristic  shape  of  a  diffusion  flame  (Fig.5- 
c).  At  x=  125  mm,  dark  regions  on  the  upper  and  lower  sides  of  the  photograph  show 
that  the  flame  remains  narrow.  Between  these  ratios,  a  lifted  and  a  rim-stabilized 
flame  formed  alternately.  It  should  be  noted  that  the  value  of  (j)  at  which  the  flame 
configuration  transformed  firom  a  lifted  flame  to  a  rim -stabilized  flame  coincides  with 
that  giving  the  maximum  value  of  Isp.  The  period  that  the  rim-stabilized  flame  was 
formed  increased  with  an  increase  of  <!>.  In  the  case  of  *%■=!. 40,  only  a  lifted  flame  was 
observed  over  the  range  tested  (Fig.5-d).  The  flame  configuration  was  essentially  the 
same  as  the  lifted  flame  for  Sg=  0.78  except  that  a  small  conical  luminous  region 
existed  near  the  injector  exit. 

Based  on  these  results  and  characteristic  performances  for  Type-A  injectors  with  a 
swirling  motion  of  the  O2  jet,  we  suggest  the  following:  when  the  rim -stabilized  flame 
develops,  the  flame  becomes  narrower  due  to  diminution  of  the  mixing  rate.  This 
reduces  the  degree  of  completeness  of  combustion  in  comparison  with  the  lifted  flame. 
Thus,  for  Sg=  0.78  the  change  from  the  lifted  flame  to  the  rim-stabilized  flame  causes 
a  decrease  of  Isp.  In  the  case  of  Sg  =  1.40,  on  the  contrary,  only  the  lifted  flame 
develops,  so  Isp  attains  a  relatively  higher  value.  Combustion  occurs  near  the 
chamber  wall  the  lifted  flame  spreading  outside  because  the  stronger  swirling 
motion  increases  heat  loss  to  the  wall.  This  consideration  shows  that  there  are  no 
differences  in  apparent  c*  efficiencies  between  Sg  =  0.78  and  1.40  without  the 
correction  of  heat  loss  because  the  combustion  efficiency  drop  for  a  rim -stabilized  flame 
is  nearly  equal  to  the  increase  of  heat  loss  for  the  lifted  flame. 

Figure  6  shows  photographs  of  the  flames  at  a'=  25  mm,  in  the  case  of  Type-B  injectors 
at  (jf  =1.4,  When  Sg=-0,  a  jet  diffusion  flame  was  observed.  The  diameter  of  the 
flame  was  larger  than  that  of  the  flames  for  Type-A  injectors  at  Sg=  0  (Fig.6-a).  For  Sg 
=  0,68,  a  rim-stabilized  flame  was  formed  (Fig.6-b).  The  flame  spread  out  wider  and  a 
conical  strong  luminous  region  was  recognized.  The  shape  of  the  flame  differed  from 
that  of  the  rim-stabilized  flame  observed  for  Type-A  injectors  at  Sg-  0.78. 

Figure  7  shows  injection  velocities  of  the  O2  and  CH4  jets  as  a  function  of  (^.  WTiile  for 
Type-A  injectors  U02  is  higher  than  uch4  in  the  range  of^  below  1.8,  for  Type-B  injectors 
1/CH4  is  higher  than  1/02.  The  injection  velocities  influence  the  flame  configuration 
even  at  the  same  swirl  intensity.  For  Type-B  injectors,  the  velocity  increase  of  the 
CH4  jet  impinging  on  the  O2  jet  spreading  outside.decreases  the  flame  stability  on  the 
injector  rim.  This  encourages  turbulent  mixing  and  the  combustion  process  is 
improved. 

The  ratios  of  the  angular  momentum  of  the  O2  jet  to  the  linear  momentum  of  the  CH4 
jet  are  plotted  in  Fig.  8  as  a  function  of  The  momentum  ratio  is  defined  by  the 
following  equation: 


mo  2  ’  U02  •  ro2 
mF  •  uF  •  2^jAF'/7r 


xSg 
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(a)  Sg=  0 
0  =  1.3 

ucH4=  270  [m/s] 
uoi  ~  370  [m/s] 


(b)  Sg=  0.78 
0  =  1.3 

ucH4=  200  [m/s] 
uo%  =  280  [m/s] 


(c)  Sg^  0.78 
^  =  1.7 

L?cH4=  250  [m/s] 
ti02  =  260  [m/s] 


(d)5^  1.40 
4>  =  1.3 

ycH4=  200  [m/s] 
U02  =  280  [m/s] 


I _ I  I _ I 

0  30  90  120  [mm] 

Distance  from  Injector  Exit 


Figure  5.  Typical  flame  appearance  in  the  thrust  chamber:  T3rpe-A  injector. 


(a)  Sg=  0 
0  =  1.4 

i/CH4=  340  [m/s] 
i/02  =  260  [m/s] 


(b)  Sg=  0.68 
=  1.4 

iiCH4=  280  [m/s] 
002  =  210  [m/s] 


0  30  [mm]  - 

Distance  from  Injector  Exit 


Figure  6.  Typical  flame  appearance  in  the  thrust  chamber:  Type-B  injector. 
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where  iho2  is  the  oxidant  mass  flow  rate,  riiF  is  the  fuel  mass  flow  rate,  u?  is  the  fuel 
injection  velocity,  2X)2  is  the  exit  radius  of  the  O2  port,  and  Af  is  the  area  of  the  fuel 
injector  port.  For  comparison,  the  momentum  ratio  for  the  H2/O2  propellants [1]  are 
also  shown.  The  figure  shows  that  with  a  decrease  of  the  O2  angular  momentum 
increases.  Corresponding  to  this,  the  rim  stability  decreases.  This  relation  implies 
that  the  radial  velocity  component  of  the  O2  jet  due  to  swirling  motion  acts  on  the  CHd 
jet  as  a  cross  flow,  causing  the  CH4/O2  flame  to  lift.  For  the  lifted  flame,  the  mixing 
between  the  propellants  is  promoted  near  the  base  of  the  flame  to  reduce  the  flame 
length,  which  was  confirmed  in  a  previous  paper.  [4]  Thus,  the  lifting  had  favorable 
effects  on  the  thruster  performance  due  to  the  completeness  of  combustion  in  the 
chamber. 


Figure  7.  Injection  velocities  as  a  function  of  equivalence  ratio. 


Equivalence  Ratio,  ^ 

Figure  8.  Momentum  ratio  of  oxidant  angular  flow  to  fuel  linear  flow: 
Pc  =  0.39  MPa. 
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Combustion  Process 


To  examine  the  reaction  process  in  the  combustion  chamber,  spectroscopic  analysis 
was  performed  (Type-A  injector,  Sg=  0.8,  and  ^  =  1.3  and  1.7).  Figures  9  and  10  show 
the  emission  spectra  for  two  values  of  respectively,  at  two  positions  where 
photographs  of  the  flames  were  taken:  the  injector  side  and  the  nozzle  side  in  the 
combustion  chamber.  On  the  injector  side  of  x=  25  mm  at  1.3,  stroi^  OH,  CH  and 
C2  bands,  and  continuous  emission  are  recognized  as  shown  in  Fig.9-a.  The 
continuous  emission  may  be  due  to  partially  O2  Schumann-Runge  bands  and  partially 
radiation  of  the  reaction  of  CO  and  0.[5]  On  the  nozzle  side  of  x~  115  mm,  OH  bands 
and  continuous  emission  are  stronger  than  those  spectra  on  the  injector  side  and  CH 
bands  are  negligible  (Fig.9-b).  For  dJ  =  1.7  at  x  =  25  mm,  OH  and  C2  bands  and 
continuous  emission  are  observed  as  shown  in  Fig.lO-a.  The  CH  band  at  1  =  431.5  nm 
is  the  strongest  in  the  region  of  wavelengths  measured.  On  the  nozzle  side,  OH  bands 
and  continuous  emission  become  stronger  than  those  on  the  injector  side  (Fig.lO-b). 
This  spectroscopic  result  of  the  intensity  of  the  continuous  emission  coincides  with  the 
visual  observation  of  luminosity  in  the  combustion  chamber. 


Figure  9.  Variation  of  emission  spectrum  with  axial  position: 
Type-A  injector,  Sg=  0.78,  1.3. 


Wave  Length,  [nm] 

Figure  10.  Variation  of  emission  spectrum  with  axial  position: 
Type-A  injector,  Sg=  0.78,  1.7. 
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In  order  to  improve  our  understanding  of  the  above  experimental  results,  the  flame 
structure  of  CH4/O2  one-dimensional  premixed  flames  was  calculated.  [6]  Figure  11 
shows  the  concentration  and  temperature  distributions  calculated  at  ^  =  1.3,  CH  is 
produced  in  the  main  reaction  region  and  is  then  consumed  immediately.  CH 
concentration  is  low.  On  the  other  hand,  OH  reaches  a  chemical  equilibrium 
composition  through  the  main  reaction  zone.  The  formation  order  and  intensity 
variation  obtained  from  the  spectroscopic  analysis  agree  with  that  of  the  calculated 
premixed  flame.  These  results  imply  that  the  various  reactions  including  the 
generation  of  CH  due  to  decomposition  of  CH4  proceeded  on  the  injector  side,  and  that 
the  final  products  and  the  OH  persisting  for  a  long  while  were  produced  from  the 
intermediate  downstream  products  in  this  rocket  engine. 
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Figure  11.  Concentration  and  temperature  distributions  in  a  one-dimensional 
CH4/O2  premixed  flame. 


CONCLUSIONS 

(1)  Flame  configurations  were  strongly  influenced  by  the  swirl  intensity  of  the  O2  jet 
and  the  equivalence  ratio  between  the  O2/CH4  propellants.  When  the  swirl  intensity  of 
the  O2  jet  was  small,  the  flame  lifted  at  low  equivalence  ratios  and  the  rim  stabilized 
flame  was  formed  at  high  equivalence  ratios.  For  higher  swirl  intensity,  only  the  lifted 
flame  was  developed  over  the  range  of  the  equivalence  ratio  tested. 

(2)  Applying  swirl  to  the  oxygen  jet  had  favorable  effects  on  the  thruster 
performance  due  to  the  completeness  of  combustion  in  the  chamber  attributed  to  the 
mixing  between  the  propellants.  The  Lifting  of  the  flame  had  the  same  effects  on  the 
performance  as  the  swirling  motion  of  the  O2  jet. 

(3)  Emission  spectra  of  OH,  CH  and  C2  were  observed  on  the  injector  side 
insensitive  to  the  equivalence  ratio.  Although  CH  and  C2  consumed  immediately,  OH 
emission  increased  toward  downstream. 
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ABSTRACT:  An  experimental  study  on  the  combustion  phenomena  in  a  combustion 
chamber  was  performed  by  using  a  gaseous  hydrogen/oxygen  small  rocket  thruster  with  a 
single  swirl-coaxial  injector.  The  variables  studied  were  the  swirl  intensity  of  the 
injector  and  the  equivalence  ratio  between  the  propeUants.  Direct  observation  in  the 
combustion  chamber  showed  that  a  stable  hydrogen/oxygen  flame  attached  to  the  injector 
rim  was  formed  independent  of  the  swirl  intensity.  Appl}dng  swkl  to  the  oxygen  jet 
increased  the  flame  diverging  angle  and  decreased  the  flame  length  in  the  chamber,  thus 
reducing  the  reaction  time  to  reach  completion  of  combustion.  Measurements  of  the 
OH-radical  intensity  in  the  chamber  revealed  that  the  location  of  the  actively  reacting 
region  moved  with  the  swirl  intensity  and  the  equivalence  ratio  in  the  chamber.  With 
oxygen  swirl,  high  performance  of  Isp  and  C*  was  obtained,  but  without  oxygen  swirl  the 
performance  parameters  decreased  noticeably.  This  can  be  explained  by  the  degree  of 
completeness  of  combustion  in  the  chamber  attributed  to  the  mixing  between  the 
propellants.  The  test  results  indicated  that  a  small  and  simple  thruster  with  a  single 
swirl-coaxial  injector  offered  good  performance  by  increasing  the  mixing  rate  between  the 
propeUants. 


INTRODUCTION 

The  auxiliary  propulsion  system  for  the  manned  Space  Station  must  have  a  long  life  and 
operate  with  high  reliability  and  low  maintenance.  For  this  purpose,  there  has  recently 
been  interest  in  a  smaU  rocket  engine  using  gaseous  hydrogen/oxygen  as  propeUants.  [1,2] 
These  propeUants  provide  a  simple  combustor  structure  because  of  the  exceUent 
combustion  characteristics  of  hydrogen,  which  is  useful  for  the  operation  requiremente. 
In  addition,  the  hydrogen/oxygen  system  has  cost  and  environmental  merits  because  the 
propeUants  can  be  produced  by  electrolysis  of  waste  water  used  in  the  Space  Station  and 
ensure  a  low  contamination  level  for  the  Station. 

We  have  developed  a  gaseous  hydrogen/oxygen  smaU  and  simple  rocket  thruster  with  a 
single  swirl  injector.  The  swirl  intensity  of  the  injector,  represented  by  a  geometrical 
swirl  number  Sg  defined  as  the  ratio  of  angular  momentum  flux  to  (radius  x  axial 
momentum  flux),  [3]  was  important  factor  in  this  study.  The  present  study  examined 
combustion  phenomena  in  the  thruster  chamber  to  obtain  fundamental  data  on  smaU 
rocket  combustion  and  to  verify  the  good  performance  of  the  simple  thruster. 
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EXPERIMENTAL  APPARATUS 


Figure  1  shows  the  thick -walled,  water-cooled  thruster  used  in  this  study.  The  thruster 
was  made  of  oxygen-free,  high-conductivity  copper.  It  contained  a  single  swirl-coaxial 
injector  with  an  outer  hydrogen  and  an  inner  swirling  oxygen  jet  and  two  optical  ports  for 
viewing  the  combustion  process  and  measuring  spectra  from  a  flame  in  the  combustion 
chamber.  Several  possible  temperature  and  pressure  measurement  taps  were  also 
equipped,  and  the  temperature  and  pressure  values  at  the  center  of  the  chamber  were 
monitored  during  a  test  run.  Figure  2  shows  a  schematic  of  the  swirl-coaxial  injector. 
Hydrogen  was  supphed  axiaUy  through  an  outer  annulus.  Oxygen  was  supplied 
tangentially  through  an  inner  tube  with  inlet  slots.  The  initial  temperatures  of  the 
propellants  were  room  temperature.  Three  types  of  the  injector,  having  the  swirl 
number  Sg  of  0,  0.67  and  1.05  for  the  oxygen  jets,  were  used  in  this  study.  (When  Sg=0, 
ojtygen  without  swirl  was  introduced  axially  without  swirl.)  Two  smaU  ports  with  quartz 
windows  allowed  the  inside  of  the  combustion  chamber  to  be  viewed.  A  bore  scope 
system,  shown  in  Fig.3,  and  a  quartz  fiber  system  were  used  for  observing  the  combustion 
phenomena  and  for  measuring  flame  spectra  in  the  chamber,  respectively.  No  coolant 
was  provided  for  the  window  surface.  To  measure  the  radial  heat  flux  in  the  chamber 
waU,  a  thermocouple  was  embedded  in  the  wall  at  the  center  with  respect  to  the  axial 
position,  and  was  slid  by  1-mm  spaces  in  the  wall  every  test  runs.  Thrust  was  measured 
by  a  calibrated  load  cell  equipped  in  front  of  the  thrust  chamber. 

The  nominal  mass  flow  rate  of  hydrogen  was  10  g/s,  while  the  oxygen  flow  rate  was  40 
g/s,  resulting  in  an  equivalence  ratio  of  2.  These  flow  rates  together  with  the  nozzle 
configuration  produced  a  chamber  pressure  of  0.39  MPa  and  a  thrust  level  of  123  N.  The 
primary  variables  studied  here  were  the  swirl  intensity  Sg  of  the  oxygen  jet  and  the 
equivalence  ratio  4>  for  hydrogen/oxygen  propellants. 


Figure  1.  Schematic  of  small  thruster  chamber  with  a  coaxial  injector. 
Dimmensions  are  in  mm. 
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Figure  2.  Schematic  of  the  swirl-coaxial 
injector  iSg^^l.OS. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Time  History  of  Thruster  Parameters 

In  the  present  study,  the  overall  firing  duration  was  12  seconds,  which  was  decided  by  a 
compromise  between  the  survivability  of  the  optical  systems  without  coohng  and  the  time 
required  for  steady-state  data  to  be  reached.  A  typical  history  of  several  key  operating 
parameters  is  presented  in  Fig.4.  It  can  be  seen  that  the  parameters  except  the  wall 
temperature  achieved  steady-state  after  the  start  transient.  The  wall  temperature 
increased  during  the  entire  test  run,  but  at  the  end  of  the  test  the  increase  was  minimum. 
Thus,  data  of  the  operating  parameters  evaluated  near  the  end  of  the  run  can  be 
considered  applicable  to  steady-state  conditions.  The  specific  impulse  Isp,  the  C* 
efficiency  V  c*  and  the  heat  flux  were  calculated  based  on  these  data. 


<p=\.95 
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Figure  4.  T3q)ical  time  history  of  key  operating  parameters. 
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Thruster  Performance 


Measured  Isp  and  T}  c*  without  correction  for  heat  losses  to  the  cooling  water  are  plotted 
as  a  function  of  0  in  Fig.  5.  When  swirl  was  applied  to  the  oxygen  jet,  measured  Isp 
increased  with  increasing  0.  This  represents  the  same  tendency  as  the  theoretical 
values  of  Isp.  f]  c*  varied  a  Httle  with  0 ,  ranging  from  0.91  to  0.94.  This  suggests  that 
the  combustion  behavior  in  the  chamber  did  not  essentially  vary  with  0 .  The  apparent 
values  of  0  and  7]  c*  obtained  were  independent  of  Sg.  On  the  other  hand,  in  the  case 
without  swirl  of  the  oxygen  jet,  although  the  dependency  of  Isp  and  ??  c*  on  0  was 
almost  the  same  as  that  with  swirl,  the  absolute  values  were  considerably  lower  than 
those  with  swirl.  This  suggests  that  combustion  without  swirl  of  the  oxygen  jet  was  not 
completed  in  the  chamber. 


Equivalence  Ratio  ,  (p 

Figure  5.  Measured  specific  impulse  and  C  efficiency 
as  a  function  of  equivalence  ratio 


Table  1 

C*  efficiencies  with  corrections:  Pc=0.39  Mpa,  0  =2.0. 


:  Swirl  intensity  of  O2  jet 

Uncorrected 

Corrected  rj^* 

Sg  =  0.67 

0.91 

0.93 

1  Sg  =  1.05 

0.92 

0.99 
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Using  the  thermocouple  data  measured  at  1-  mm  spaces  in  the  chamber  wall,  the  heat 
flux  during  a  fire  testing  was  calculated.  The  typical  heat  fluxes  of  the  combustor  at  0 
=2.0  were  2.33  MW/m^  for  Sg=0.67  and  6.42  MW/m^  for  Sg=1.05.  It  should  be  noted  that 
the  heat  flux  increased  with  a  higher  Sg.  The  present  heat  flux  values  are  close  to  those 
previously  reported  for  the  small  hydrogen/oxygen  rocket  engine  with  414  kPa  chamber 
pressure.  [4]  7]  c*  was  corrected  for  the  heat  losses  firom  the  combustion  chamber,  [5] 

assuming  that  the  values  of  the  losses  were  nearly  equal  to  the  heat  fluxes  obtained. 
The  corrected  values  of  V  c*,  shown  in  Table  1,  indicate  that  mixing  and  conibustion  with 
a  strong  swirl  de^ee  of  the  oxygen  jet  were  mostly  completed  in  the  combustion  chamber, 
and  applying  swirl  to  the  oxygen  jet  effectively  improved  combustion  performance.  It  is 
concluded  that  a  smaU  and  simple  thruster  with  a  single  swirl-coaxial  injector  may  offer 

good  performance. 


Flame  Behavior  in  the  Combustion  Chamber 

Effects  of  swirl  of  oxygen  jet  Figure  6  shows  the  variation  in  shape  of  the  flames 
formed  in  the  chamber  as  a  function  of  Sg.  Two  fields  of  view  are  shown  from  0  mm  to 
30  mm  and  from  90  mm  to  120  mm  downstream  of  the  injector  exit,  respectively.  These 
photographs  show  that  the  stable  hydrogen/oxygen  flames,  attached  to  the  injector  rim 
between  the  oxygen  jet  and  the  hydrogen  jet,  were  formed  in  the  combustion  chamber 
independent  of  Sg.  The  flame  without  oxygen  swirl  was  generally  similar  in  shape  to 
ordinary  turbulent  jet  diffusion  flames.  Even  near  the  nozzle  entrance,  combustion  was 
confined  to  the  narrow  region  on  the  central  axis  (Fig.6-a).  Appl5dng  swirl  to  the  oxygen 
jet  increased  the  flame  diverging  angle  and  decreased  the  flame  length  (Fig.6-b  and  6-c). 
It  can  be  seen  that  a  conical  luminous  region  appeared  at  the  location  just  downstream  of 
the  injector  exit.  This  implied  that  due  to  the  strong  swirling  motion  of  the  oxygen  jet  a 
recirculation  zone  formed  in  the  region,  where  mixing  and  combustion  between  the 
propellants  proceeded  actively.  At  the  downstream  region  of  the  chamber,  combustion 
might  occur  all  over  the  chamber.  With  stronger  swirl  intensity  of  the  oxygen  jet,  the 
flame  diverging  angle  became  wider.  The  luminous  cone  moved  upstream,  and  thus  the 
flame  length  became  shorter.  The  change  of  the  flame  shape  with  Sg  suggests  that  an 
increase  of  Sg  decreased  the  boundary  thickness  over  the  chamber  wall,  resulting  in 
higher  heat  flux  from  the  combustion  chamber. 


(a) 

Sg=0 

UH2=  11 50  [m/s] 
UD2=  270  [m/s] 
Pc  =  0.29  [MPa] 

(b) 

Sg  =  0.67 
«H2=  980  [m/s] 
uo2=  220  [m/s] 
Pc  =  0.39  [MPa] 

(c) 

Sg  =  1.05 
UH2=  970  [m/s] 
1102=  220  [m/s] 
Pc  =  0.39  [MPa] 


Distance  from  injector  exit 


Figure  6. 

Variation  of  flame 

configuration 

in  the  combustion 

chamber  with  swirl 

intensity  of  the  oxygen  jet:  0  =2.0. 
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Figure  7  shows  the  emission  spectra  of  a  hydrogen/oxygen  flame  formed  in  the 
combustion  chamber.  The  bands  of  OH  are  visible,  in  agreement  with  observations  of 
ordinary  hydrogen/oxygen  flames  formed  at  various  conditions.  [6]  Figure  8  shows  the 
intensities  of  OH-radical  (A  =  306.3  nm)  along  the  axial  distance  from  the  injector  exit  for 
the  three  Sg  values.  (The  intensities  were  normalized  by  the  intensity  of  Sg=0.67  at  25 
mm  from  the  injector  exit.)  It  was  found  that  the  OH  intensity  for  Sg=0  was  weakest 
for  the  three  Sg  values  at  25  mm  and  increased  toward  the  downstream.  However,  the 
intensity  was  strongest  among  the  three  Sg  values  at  the  exit  of  the  thruster  nozzle. 
The  high  level  of  OH-radical  shows  that  the  reaction  between  the  propellants  stiU 
proceeded  substantially  even  at  the  exit  of  the  nozzle.  The  OH  intensity  for  Sg=1.05  was 
the  strongest  of  the  three  Sg  values  at  the  location  closes  to  the  injector  and  was  reduced 
sharply  toward  the  downstream,  indicating  that  combustion  mainly  occurred  in  the 
upstream  region  of  the  combustion  chamber  as  a  result  of  the  increased  mixing  rate 
between  the  propellants  due  to  impingement  of  the  outer  hydrogen  jet  on  the  inner 
oxygen  jet  spreachng  outside  by  the  swirling  motion. 

The  flame  observations  and  OH-radical  intensity  measurements  indicated  that  the 
hydrogen/oxygen  propellants  without  swirl  formed  a  flame,  similar  to  ordinary  turbulent 
jet  diffusion  flames,  which  require  a  long  residence  time  in  the  chamber  to  complete 
combustion,  and  hence  the  combustion  reaction  did  not  reach  completion.  On  the  other 


250  300  350 

Wave  Length,  [nm] 

Figure  7.  Emission  spectra  of  a  hydrogen/oxygen  flame 
formed  in  the  combustion  chamber. 


0  50  100  150  200  250 

Axial  Distance  from  Injector  Exif-x  [mm] 


Figure  8.  OH-radical  intensity  comparisons  for  the  three 
swirl  intensities  of  the  oxygen  jet. 
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hand,  applying  swirl  to  the  oxygen  jet  increased  the  rate  of  turbulent  mixing  between  the 
oxygen  and  the  hydrogen  jet,  thus  reducing  the  reaction  time  to  reach  completion  of 
combustion  in  the  chamber.  It  should  be  noted  that  in  this  thruster  system  infinitely 
fast  mixing  of  the  propellants  and  products,  referred  to  as  stirred  reactor  concept,  did  not 
occur,  but  the  mixing  between  the  propellants  may  be  a  controlling  process  of  the 
combustion. 

Effects  of  equivalence  ratio .  Figure  9  shows  the  shape  variation  of  the  swirling  flames 
developed  in  the  combustion  chamber  with  0  at  a  constant  chamber  pressure.  The 
intensities  of  OH-radical  ( A  =  306.3  nm)  for  the  three  flames  at  0 =1.6^2.8  are  plotted  in 
Fig,  10  against  the  axial  distance  firom  the  injector  exit.  (The  intensities  were 
normahzed  by  the  intensity  of  0=2.0  at  25  mm  downstream  of  the  injector  exit.)  A 
stable  hydrogen/oxygen  flame,  stabilized  on  the  injector  rim,  developed  over  the  range  of 
0  tested.  Although  the  shape  of  the  flame  was  mostly  insensitive  to  0 ,  the  diverging 
angle  of  the  flame  at  the  injector  exit  slightly  decreased  with  increasing  0 .  On  the 
contrary,  the  conical  luminous  region  in  the  flame  close  to  the  injector  became  shghtly 
wider  and  spread  upstream,  suggesting  that  the  region  where  combustion  proceeded 
actively  moved  upstream  with  an  increase  of  0  .  The  behavior  of  these  flame 
configurations  coincided  well  with  the  results  of  the  OH-radical  levels.  At  low  0  the 
radical  intensity  downstream  of  the  chamber  was  higher  than  that  upstream,  and  at  high 
0  the  reverse  tendency  was  obtained.  Considering  the  injection  velocities  of  the 
hydrogen  and  the  oxygen  jet  as  a  function  of  0 ,  as  shown  in  Fig.  11,  the  dependency  of 
the  flame  shape  and  OH  intensity  on  0  may  be  explained  as  follows:  with  increasing  0 , 
the  velocity  of  the  hydrogen  jet  increases  significantly,  but  the  velocity  of  the  oxygen  jet 
remains  almost  constant.  Since  the  outer  hydrogen  jet  impinges  on  the  inner  swirhng 
oxygen  jet  spreading  outside,  the  velocity  increase  of  the  hydrogen  jet  reduces  the 
divergence  angle  of  the  inner  oxygen  jet,  and  improves  the  turbulent  mixing  between  the 
propellants.  This  effect  promotes  rapid  completion  of  ^  mbustion  in  the  chamber. 


—  X.  V 

UH2=  840  [m/s] 
U02=  240  [m/s] 
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0  =2.0 
im2=  980  [m/s] 
UD2=  220  [m/s] 


(c) 

0  =  2.8 
i?H2=  1240  [m/s] 
U02=  200  [m/s] 


0  30  90  120  [mm] 

Distance  from  injector  exit 


Figure  9.  Variation  of  flame  configuration  in  the  combustion  chamber 
with  equivalence  ratio:  Pc=0.39  MPa: 
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Axial  Distance  from  Injector  Exit,  x  [mm] 


Figure  10.  OH-radical  intensity  comparisons  for  the  three  quivalence  ratios. 


Equivalence  Ratio,  ^ 


Figure  11.  Injection  velocities  of  the  propellants  as  a  function  of  equivalence  ratio. 


CONCLUSION 

(1)  A  gaseous  hydrogen/oxygen  small  and  simple  rocket  thruster,  containing  a  single 
swirl-coaxial  injector  with  an  outer  hydrogen  and  an  inner  swirling  oxygen  jet  and  two 
optical  ports  for  viewing  combustion  process  and  measuring  spectra  from  a  flame  in  the 
combustion  chamber,  has  been  developed. 

(2)  The  stable  hydrogen/oxygen  flame  attached  to  the  injector  rim  between  the  oxygen 
jet  and  the  hydrogen  jet  was  formed  in  the  combustion  chamber  independent  of  Sg. 
The  flame  configuration  was  strongly  sensitive  to  the  swirl  intensity  of  the  oxygen  jet. 

(3)  Applying  swirl  to  the  oxygen  jet  increased  the  rate  of  turbulent  mixing  between  the 
oxygen  jet  and  the  hydrogen  jet,  reducing  the  reaction  time  to  reach  completion  of 
combustion  in  the  chamber.  In  this  thruster  system,  the  mixing  between  the  propellants 
may  be  a  controlling  process  of  combustion. 

(4)  With  oxygen  swirl,  high  performance  of  Isp  and  C*  efficiency  was  attained,  but 
without  oxygen  swirl,  the  performance  parameters  decreased  noticeably.  A  small  and 
simple  thruster  with  a  single  swirl-coaxial  injector  offered  good  performance. 
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THE  EFFECT  OF  CHEMICALLY  INDUCED  STRESSES  AND  DEFORMATIONS 
ON  THE  IGNITION  OF  SOLID  PROPELLANTS 
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ABSTRACT:  A  coherent  physicochemical  approach  based  on  the  coupling  between  chemical  and 
mechanical  processes  in  a  solid  material  is  applied  to  modeling  the  ignition  of  solid  propellants. 
Governing  equations  are  derived  with  account  taken  for  the  relationships  of  nonequilibrium 
thermodynamics.  It  is  shown  that  using  purely  thermal  models  for  the  description  of  ignition  of 
deformable  energetic  materials  may  lead  to  mistakes  in  determining  the  global  reaction  kinetic 
parameters.  Accounting  for  the  contribution  of  mechanical  processes  could  change  the  value  of  the 
activation  energy  either  in  a  positive  or  negative  direction,  depending  on  the  conditions  of  heating. 


NOMENCLATURE 

C£  =  specific  heat  under  constant  deformation 
Eq  =  activation  energy  of  reaction 
/  =  free  energy 

=  Helmholtz  free  energy 
F  -  vector  of  external  mass  forces 

Sba  ~  dimensionless  coefficient  of  concentration  expansion 
gjt  =  chemical  potential  (of  components,  vacancies,  or  dislocations) 
=  dimensionless  coefficient  of  structural  expansion 
JI  =  total  flux  of  component  k 
Jk  -  diffusion  flux  of  component  k 
Jj  =  heat  flux 

=  pre-exponent 

K  =  isothermal  modulus  of  uniform  compression 

rri}^  -  molar  mass  of  component  k 

Nj.  =  mass  concentration  of  component  k 

P  =  pressure 

Pq  =  empirical  constant 

Qo  =  thermal  effect  of  global  reaction 

r  =  damage  extent 

R  =  universal  gas  constant 

S  =  specific  entropy 


762 


=  ignition  moment 
=  period  of  adiabatic  induction 
T  =  temperature 

T*  =  ignition  temperature 

=  adiabatic  ignition  temperature 
Tg  =  surface  temperature 

V  -  specific  internal  energy 

V  =  velocity  of  the  center  of  masses 

~  individual  velocity  of  component  k 
Vp  -  specific  volume  of  damage 

y  =  transformation  degree 

z  =  number  of  chemical  reactions 

-  coefficient  of  concentration  expansion  of  a  reagent 

ai,  =  coefficient  of  concentration  expansion  of  a  product 

aj,  =  coefficients  of  linear  thermal,  concentration,  and  structural  expansion,  respectively 
Xp  -  damage  potential 

=  stoichiometric  coefficient  of  component  k  in  the  i-th  reaction 
r]Q  -  initial  porosity  of  material 
eij  -  component  of  strain  tensor 
^kk  ^mm  -  ^^st  invariants  of  the  strain  tensor 
sij  eij=  second  invariant  of  the  strain  tensor 
(pj(y)  =  kinetic  function 
(pl  -  rate  of  the  i-th  reaction 

K  =  analogue  of  the  coefficient  of  dynamic  viscousity 
X,\x  =  Lame  coefficients 
p  =  density  of  medium 

p^  =  density  of  component  k 

p^  =  initial  density  of  medium 

(7  =  stress  tensor 

Gij  =  component  of  stress  tensor 
=  source  of  component  k 

CO  =  coherence  coefficient  for  strain  and  temperature  fields 


INTRODUCTION 


Historically,  the  physicochemical  transformations  which  accompany  combustion  and  ignition  of  solid 
propellants  are  modeled  by  methods  that  are  similar  to  those  used  to  construct  the  mathematical 
models  of  gas  combustion.  Such  a  traditional  approach  proved  itself  in  the  first  approximation.  Many 
qualitative  peculiarities  of  the  processes  of  solid  propellant  combustion  were  revealed  and  physical 
and  mathematical  similarities  in  various  (at  first  glance)  processes  were  established.  A  more  profound 
approach  to  the  study  of  solid-phase  transformations  must  take  into  account  the  peculiarities  of  the 
motion  of  corresponding  media  and  the  interrelated  character  of  various  physical  processes. 
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At  the  macrolevel  this  more  detailed  investigation  is  manifested  in  the  interaction  of  heat-and-mass 
transfer  with  various  mechanical  processes  which,  generally  speaking,  are  widely  used  in  mechanics 
but  sometimes  without  correct  thermodynamic  or  statistical  background.  This  is  first  observed  in  the 
neglect  of  both  the  specific  features  of  chemical  and  physical  transformations  and  the  nonlinear 
feedback  relations  between  chemical  transformations  and  physical  processes.  The  global  models  of 
solid  media  of  different  complexities  which  are  available  in  thermomechanics  are  either  not  applied 
to  real  processes  or  are  applied  in  very  particular  aspects.  Obviously,  the  complexity  and  manifold  of 
physicochemical  processes  in  the  combustion  wave  make  it  necessary  to  determine  one  or  several 
effective  stages  of  chemical  reactions  with  some  effective  global  kinetic  parameters.^ 

However,  attempts  to  use  purely  thermal  models  to  treat  and  interpret  experimental  data  often  give 
very  contradictory  results  because  they  neglect  the  fact  that  various  nonlinear  physical  processes 
cannot  be  reduced  to  global  kinetic  dependencies.  Using  the  methods  of  continuum  medium 
mechanics,  the  approach  has  been  proposed  of  modeling  physicochemical  transformations  in  the  solid 
media  which  are  accompanied  by  deformation  and  destruction.^-^  The  approach  takes  into  account 
the  peculiarities  of  solid-phase  transformations  when  constructing  the  macrolevel  models  and  has  a 
fairly  rigorous  thermodynamic  background.  Additionally,  it  may  readily  be  applied  to  complex  media 
(non-isotropic,  with  inner  parameters,  memory,  etc).  Below,  we  consider  the  application  of  this 
approach  to  the  modeling  of  solid  propellant  ignition. 


BASIC  EQUATIONS 


The  basic  equations  used  to  construct  particular  ignition  models  are  usually  mechanical  balance 
equations,  supplemented  with  relations  between  thermodynamic  fluxes  and  forces,  various  empirical 
laws  (if  necessary),  and  an  equation  of  state.  The  latter  is  represented  by  the  relation  between  the 
components  of  stress  and  strain  tensors. 


^  ^  d 

The  continuity  equation  for  mixture  components  has  the  form  (V  -  A  =  divA  ;  A  = - ): 

dt 


■^  +  Vj;  =  c7,  k^XX-n 

ot 

or 

• 

pNk  +  V-J^  -df. 


Here  p^=pA^^;  7®  is  the  total  flux  of  component  k; 


Nk 


dt 


dN, 

dt 


+  N^V-v 


4°  -v)  +  PtV  =  J,  +PtV 

V  is  the  velocity  of  the  center  of  masses  determined  as  follows: 


(1) 


(2) 
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or 


(3) 


pv  =  Ip.v, 

*=1 


v  =  IA^,v, 

k=] 


cj^  is  the  source  of  component  k: 

0',  =  in, ■/«,<?>,  (4) 

f=i 

The  equation  of  the  mass  continuity  for  a  mixture  as  a  whole  is  convenient  to  write  in  a  form  similar 
to  Eq.  (1): 


p+pV-v=0  (5) 

The  equation  of  momentum  conservation  for  the  mixture  (includes  in  common  cases)  the  vector  F  of 

A  A 

external  mass  forces  ( V  •  cj  =  diva  ): 
dv  -  „ 

p—  =  pF  +  V-a  (6) 

dt 

The  equation  of  conservation  of  internal  energy  is  of  the  form: 

pU  ~ —V  ■  Jj  +  a^  (7) 

where  U  is  the  specific  internal  energy  in  a  local  volume;  is  the  corresponding  source  defined  as: 
(T^  =  a--V-v  +  i7,F, 

Ji:=l 

Here  o'-  - V  - v  is  the  double  scalar  production  of  tensors  of  stress  and  velocity  of  deformations;  F,^  is 
the  vector  of  external  force  which  affects  component  with  number  k: 

F=tN,F, 

k=i 


To  construct  particular  combustion  models  we  use  the  equation  of  thermal  conductivity  which  is 
derived  by  generalizing  the  Gibbs  equation  with  regard  to  a  medium  with  additional  parameters 

dN,  XpP.dV^ 

^  dt  T  dt  T  dt  rfri  ‘  dt  T  dt  ^ 

and  the  balance  relationships  for  the  other  values  . 

In  Eq.  (8)  5"  is  the  specific  entropy  for  a  local  volume;  are  the  chemical  potentials  of  components  (k 
=  l,2,...n),  vacancies  (k  =  n+1),  and  dislocations  (k  =  n+2  ),  respectively;  is  the  initial  density  of 
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the  medium,  Vp  is  the  specific  volume  of  damages  (pores,  cracks,  etc).  In  the  particular  case  of  a 
symmetric  stress  tensor  and  an  absence  of  external  mass  forces,  the  equation  of  thermal  conductivity 
has  the  form: 


P,  ^  =  J  -pT^[e  ^ 

^  ‘  dt  ^  ^  dt^  dT  ^  dt 


dV^ 


d  d(Ap-‘) 


dT 


dr 


(9) 


which  corresponds  to  the  Helmholtz  function  of  local  specific  free  energy  ,/,  written  as  follows: 

f=f-p'‘(Kwe^+tie,^e,j+^el)  (10) 

Here/0  is  the  Helmholtz  free  energy  in  the  standard  state.  In  Eq.  (9)  K  is  the  isothermal  modulus  of 
uniform  compression,  K  =  X  +  2fj/3.  Parameter  w  accounts  for  relative  change  in  specific  volume  due 
to  thermal,  concentration  and  stmctural  expansion  with  =  0: 

'^'  =  ^^  =  3[ar(7’-7’o)  +  ”iV, 

Kq  A-1 


where 


1  dV 

~  3K  Vr'"*''' 


— (— ) 


3v3dV.‘ 


As  a  relation  between  thermodynamic  potentials  and  forces  in  this  general  formulation  of  the  model 
we  use  the  linear  Onsager  relations  which  are  known  to  be  suitable  for  description  of  different 
nonlinear  irreversible  processes  in  a  wide  range  of  the  local  thermodynamic  variables.'^>5  We  omit 
here  the  corresponding  relations  for  scalar,  vector  and  tensor  values  in  order  not  to  encumber  the  text. 
Note  that  the  expressions  for  fluxes  and  forces  are  chosen  in  such  a  way  that  the  local  production  of 
entropy,  which  is  a  positively  determined  quadratic  form,  is  not  negative  and  the  system  of  the 
Onsager  coefficients  satisfies  all  necessary  thermodynamic  conditions  including  that  for  new  terms 
(vacancies,  dislocations  and  damages). Expression  for  the  local  entropy  and  the  chemical 
potentials  of  components  follow  from  the  form  of  the  free  energy  function  /  (see  Eq.  10)  by 
definition: 


9  =  +p  d(fip-')  djXp-') 


3f  .  -p  3{Kwp-')  djfip-')  eL,  d(Xp-' 

<9^,  ””  dN,  «  “  dN,  2  dN 


In  constructing  and  analyzing  specific  models,  particular  attention  is  paid  to  the  coherent  character  of 
all  processes  and  nonlinear  correlations  between  variables  as  well  as  to  the  correct  "substitution"  of 
micro-mechanisms  into  macro-models  (involving  models  of  continuum  medium  mechanics). 
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Consider  now  an  application  of  the  approach  described  to  the  calculation  of  ignition  characteristics  of 
a  deformable  solid  energetic  material. 


INITATION  OF  CHEMICAL  REACTION  IN  A  PREHEATED  LAYER 


Let  us  consider  a  chemical  transformation  which  is  described  by  the  simplest  reaction  scheme: 

(11) 

We  will  assume  that  all  information  about  the  changes  in  properties  of  substance  upon  transformation 
is  contained  in  the  coefficients  of  the  concentration  expansion  of  both  a  reactant,  a^,  and  a  product, 
there  is  no  pronounced  destruction  in  the  preheated  layer;  the  strains  are  small  and  the  reaction 
rate  is  temperature-dependent  according  to  the  Arrhenius  law.  Under  these  assumptions  a  one¬ 
dimensional  model  for  initiation  of  reaction  at  the  surface  of  solid  material  heated  by  external  heat 
flux  can  be  described  by  a  system  of  equations: 

T  dT  d^T  T 

‘^ePoi  ^  ®  ^  ^  J-  ^  +  QoK(Pl(y)(P2(T)(  ^-(OgBA  y) 

x=Q,  -X  =q^- 

dx 

r  =  0,  T-Tq,  y  =  0. 


Here  y  =  A^bo  >  (pj(y)  is  the  kinetic  function;  (p2(T)  =  exp  (-E(/RT);  T*  is  the  reference 

temperature  which  is  typical  of  the  problem,  e.g.,  the  ignition  temperature.  Parameter  CD  is  the 
coherence  coefficient  for  strain  and  temperature  fields  defined  as: 


{3Ka,.fT 
(A  +  2/x)c,Po 


Parameter  is  the  dimensionless  coefficient  of  concentration  expansion  defined  as: 


(14) 


Unlike  the  classical  theory  of  elasticity,  in  which  the  coefficient  co  is  calculated  at  the  initial 
temperature,  and  where  typically  co  «  1,  in  the  case  under  consideration  the  estimates  of  O)  for 
energetic  materials  at  T=T*  give  the  value  tu  ~1.  Parameter  reflects  the  system  behavior  in  the 
course  of  chemical  transformations:  if  reaction  proceeds  with  volume  expansion,  i.e.  ag  >  then 
gg2i>  0,  and  vice  versa,  gg^<  0  if  the  reaction  proceeds  with  a  decrease  of  volume.  The  stresses  and 
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deformations  in  the  model  described  by  the  system  of  Eqs.  (12)  completely  follow  the  change  in  the 
temperature  and  concentration  fields  and  are  explicitly  expressed  via  the  function  w: 

w  =  3[cCy{T  —  Tq)  +  {(X  g  —  OC^'){N  +  N  go)  y] 


A  detailed  analysis  of  the  problem  for  various  particular  cases  is  given  in  Ref.  7.  We  discuss  here 
only  some  specific  findings  of  the  study. 

First,  the  "ignition"  regime  is  realized  in  this  model  if  the  reaction  is  exothermic,  with  <2o  >  0  ^^d  (O 
or,  in  the  case  of  endothermic  reaction  which  runs  with  high  increase  of  volume,  i.e.  Qo<0 
but  co>I/gB^.  The  approximate  analytical  solution  of  the  problem  with  use  of  the  adiabatic  criterion 
gives  the  formulas  to  estimate  the  global  kinetic  parameters  {Eq,Q(^q  )  of  the  global-reaction  with 
allowance  for  thermal  and  concentration  expansion  using  experimental  data  on  ignition  delay  times. ^ 
The  adiabatic  criterion  states  that  at  the  moment  of  ignition,  t*,  the  rate  of  surface  temperature  rise 
due  to  external  heating  becomes  equal  to  that  due  to  chemical-reactions  heat  release.  The  resulting 
approximate  formulas  may  be  written  as: 


ln(- 


T,/T 


r)  =  ln[ 


(1  +  fi)) 


2(1  ^8ba^  Qo^o 


R  r 


r~T 


[  / c^pQ A j.(l  +  ty)] 

n 


(15) 


where  is  the  period  of  adiabatic  induction;  is  the  adiabatic  ignition  temperature 

determined  by  taking  the  inflexion  point  on  the  temperature-time  curve.  As  it  is  known,  similar 
characteristics  may  be  distinguished  on  an  appropriate  experimental  curve.  According  to  Eqs.  (15), 
the  experimental  data  on  ignition  can  be  described  in  coordinates  X  -  ln(t^/(l-  Tq/TJ)  and  Y  =  1/T^ 
by  a  straight  line  (Fig.  1,  curve  1)  whose  slope  gives  the  effective  activation  energy  Eq  for  the  global 
reaction  (1 1).  It  has  been  shown  that  treatment  of  experimental  data  in  such  a  way  gives  an  estimate 
for  Eq  greater  by  20-25%  than  that  obtained  using  a  purely  thermal  model.'^ 

Second,  there  are  cases  when  it  is  impossible  to  easily  "fit "  experimental  data  in  the  X-Y  coordinates. 
Sometimes  we  have  two  straight  lines  with  different  slope  whose  possible  mutual  arrangement  is 
illustrated  in  Fig.  1.  Thus,  treating  experimental  data  in  terms  of  purely  thermal  ignition  theory,  one 
finds  two  different  sets  of  global  kinetic  parameters  when  AE  =£2- E^>0  and 
AE' =  Ej  -E'  <0.  This  can  be  attributed  to  a  change  of  activation  energy  for  global  chemical 
reaction  due  to  a  change  in  the  reaction  mechanism,  for  example.  However,  the  behavior  of  AE  can  be 
explained  in  terms  of  a  constant  activation  energy  taking  into  account  the  effect  of  chemically 
induced  mechanical  deformations. 


Consider  for  simplicity  the  case  of  zero-order  reaction  with  (cug^^T/P)  «  1.  The  effective  function 
of  heat  release  can  be  represented  in  the  particular  case  as: 


(p2  =<^2(1 


:exp  ( — —) 
^  RT 


(16) 
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Figure  1,  Possible  types  of  experimental  X-Y  curves. 

Thus,  one  may  conclude  that  the  action  of  mechanical  forces  prevents  (above  point  3,  Figure  1) 
reaction  excitation  with  >  0,  when  >  Eq.  And  vice  versa,  it  favors  reaction  acceleration 
(above  point  2,  Figure  1),  with  <  0.  The  possibility  of  reaction  acceleration  by  mechanical  forces 
has  been  discussed  in  Refs.  2  and  9.  Formula  (16)  provides  means  for  estimating  AE  for  the  global 
reaction  in  deformable  energetic  material. 

Third,  varying  parameters  m  and  g^^  within  a  wide  range  we  find  that  in  the  model  described  by  Eqs. 
(12),  various  regimes  of  reaction  excitation  may  be  revealed  which  in  purely  thermal  models  were 
either  assigned  to  a  change  in  the  sign  of  the  thermal  effect  Qq  or  were  interpreted  by  taking  into 
account  parallel  and  successive  reaction  stages.  In  the  above  case  these  regimes  are  realized  due  to 
the  coherent  character  of  various  physical  processes.  Figure  2  shows  the  qualitative  behavior  of 
surface  temperature  for  various  regimes. 

Note  that  the  application  of  the  general  approach  to  non-isotropic  media  leads  to  even  stronger 
conclusions  due  to  the  fact  that  effective  values  of  the  parameters  O)  and  g^^  for  non-isotropic  media, 
e.g.  crystals,  calculated  using  the  tensor  components  of  coefficients  of  Lame,  and  thermal  and 
concentration  expansion  can  vary  within  very  wide  limits  depending  on  both  the  type  of  crystalline 
lattice  and  the  direction  of  the  external  source  action  (or  the  direction  of  the  reaction  front 
propagation).!^  In  ignition  models  based  on  Eqs.  (1-10)  one  may  readily  take  into  account 
destruction  in  the  subsurface  layer  caused  by  thermal  and  concentration  induced  stresses.  To  this  end 
one  should  use  the  balance  equation  for  damage  (cracks  or  pores)  and  an  appropriate  kinetic  law  for 
damage  accumulation  known  from  experiment  or  from  the  theory  of  fracture  mechanics.  Taking  into 
account  the  occurance  of  damages  in  the  reaction  zone  and  using  the  above  assumptions  the  equation 
of  thermal  conductivity  may  be  written  as: 

PoCs(^+o)^)^  =  ^T^;^+K<Pi(y)92(T)Qo(\-o)gsJ/r)-x^(l  +  0)g,T/T)^T}„  (17) 
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Figure  2.  Qualitative  temporal  behavior  of  surface  temperature  with  different  p^ameters  of  the 
model:  A.  Qq>  0,  co<  I/Sba  Qo<0,  co  >  2.  One  of  the  conditions  1  does  not  hold  at 

given  Ts\3.Qo>  0,  co>  l/g^A  or  Qo<0,co<  l/g^A- 


In  Equation  (17),  rio^Vp^/Vo  is  the  initial  porosity  of  material;  i®  the  damage  extent;  and 

=  a^(CgPQ /|;^^|a^77o)  <  0  is  the  dimensionless  coefficient  of  structural  expansion.  To  calculate 
damage  growth,  the  fracture  mechanics  kinetic  law  can  be  used  in  the  form: 


•  P  P 

r  = - [r  +  exp  ( - )],  P  <  0 

K  Pq 

Here  P  is  the  pressure,  P  =  -^0^.;  P^j  is  an  empirical  constant  which  corresponds  to  a  critical  level 

of  pressure  causing  crack  formation.  With  allowance  for  the  kinetic  law  for  r  and  with  the  condition 
r(0,x)  =  1,  the  model,  complicated  by  destruction,  has  been  analyzed  for  some  particular  cases.’^’l^ 


In  particular,  this  model  was  used  to  account  for  certain  experimental  observations.  It  was  shown  in 
Ref.  12  that  samples  of  pyroxilin  powder  did  not  exhibit  significant  surface  damage  before  ignition, 
when  gradually  cooled  to  an  initial  temperature  of  about  170  K  and  exposed  to  pulses  of  irradiation. 
Conversely,  in  the  case  of  nitroglycerin  powder,  the  irradiated  surface  became  covered  with  a  network 
of  cracks.  Similar  irradiated  surface  behavior  was  also  observed  at  initial  room  temperature  when 
using  pulses  of  powerful  radiant  flux  (more  than  250  J/cm^s).  Detmled  experimental  studies  of 
dependence  of  ignition  parameters  upon  initial  temperature  and  radiant  flux  were  not  conducted. 
Since  these  data  are  not  currently  available  in  the  literature,  a  comparison  between  theoretical  and 
experimental  results  can  be  performed  only  qualitatively.  Note  that  the  suggested  model  describes  the 
initial  stage  of  the  ignition  process  in  a  simplified  manner.  Possible  effects  of  phase  transitions  during 
fast  heating  are  also  not  taken  into  consideration  by  the  model.  Unfortunately,  there  is  no  reliable 
information  in  the  available  literature  which  shows  how  melting  occurs  at  heating  rates  of  10^  K/s 
and  higher. 
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The  calculation  of  ignition  parameters  was  made  using  the  following  reference  parameters:  Eq  = 
146.7  J/mole,XT  =  2.35  10-3  j/cm  s  K,  ko  =  8.6  10 s^l,  =  10-4  k-1,  =  2  10^  J/cm^,  p  =  4.15 
103  J/cm3,  pQ  =  5  10^  J/cm^,  k  =  2  10^  g/cm  s,  po  =  1.6  g/cm^,  Qq  =  1200  cal/g,  Cg  =  1.46  J/g  K, 
qc  =  15  J/cm^s,  (%  -  tta)  =  5  10“2  cm^/g. 

Calculated  dependencies  of  surface  temperature  and  damage  extent  typical  for  ignition  are  shown  in 
Fig.  3.  The  calculations  show  that  the  rate  of  damage  growth  increases  after  the  chemical  reactions  in 
the  solid  start  to  accelerate  (before  ignition  event).  In  accordance  with  the  experiment  the  ignition 
temperature  (T^  at  r  =  r*)  rises  with  increase  of  initial  temperature,  while  the  magnitude  of  damage 
extent  decreases.  Note  that  the  T^it)  curves  similar  to  that  for  ignition  may  be  obtained  in  numerical 
tests  when  modeling  heating  of  an  inert  material  with  destruction  of  a  surface  layer.  The  reason  for 
this  is  a  change  of  sign  of  the  third  term  on  the  right  hand  side  of  Eq.  17.  Indeed,  at  T  >  T*  /  this 
term,  which  accounts  for  destruction  of  material,  becomes  a  source  of  heat  release  instead  of  heat 
loss.  On  the  other  hand,  the  combined  action  of  chemical  heat  release  and  relatively  strong  heat 
absorption  due  to  fracture  of  solid  material  may  lead  to  effective  T^it)  behavior  corresponding  to  the 
behavior  of  a  material  with  global  endothermic  reactions.  The  same  material  in  heating  conditions 
that  prevent  occurrence  of  deformations  and  destruction  (e.g.,  uniform  slow  rate  heating)  can  exhibit 
pronounced  exothermic  thermal  decomposition  behavior. 


Figure  3.  Temporal  behavior  of  surface  temperature  and  damage  dependencies  for  different  initial 
temperatures;  Tq  =  170  K  (1);  273  K  (2);  350  K  (3). 

Concerning  application  to  real  systems,  the  coherent  ignition  models  that  take  into  account  any  phase 
transition  in  the  preheated  layer  are  of  interest.  It  should  be  mentioned  that  the  problem  of  phase 
transition  of  the  1st  type  (melting,  change  of  crystal  structure)  is  relevant  for  numerous  important 
components  of  solid  rocket  propellants,  e.g.  ammonium  perchlorate,  nitramines,  ADN,  HbT,  etc. 
Analysis  of  phase  equilibrium  within  the  framework  of  this  approach  that  takes  into  account  coupling 
between  the  thermal  and  mechanical  processes  (Eqs.  1-10)  leads  to  some  interesting  generalization  of 
the  equations  of  Clausius-Clapeyron  and  Poynting.  In  particular,  it  gives  a  dependence  of  the  phase 
transition  heat  on  conditions  of  mounting  a  specimen  of  solid  material,  leads  to  blurring  of  the  region 
of  phase  transition,  etc.  The  ignition  model  of  solid  energetic  material  with  hexogen  characteristics 
and  the  phase  transition  of  the  first  type  has  been  analyzed.  It  was  shown  that  in  the  coherent  model 
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the  influence  of  the  phase  transition  on  ignition  characteristics  cannot  be  reduced  to  either  a  change  in 
heat  capacity  at  the  transition  point  or  studying  the  Stefan  problem  with  a  distinct  (sharp)  interface. 
The  appearance  of  a  blurred  region  of  phase  transition  is  determined  by  the  temperature  dependence 
of  the  phase  transition  on  stresses  and  deformations  which  are,  in  turn,  affected  by  the  temperature 
and  concentration  variations  in  the  preheated  and  reaction  zones. 


CONCLUDING  REMARKS 

The  above  considerations  show  that  coupling  between  heat  transfer  in  the  condensed  phase  and 
chemically  induced  deformations  may  play  an  important  role  in  the  initiation  of  chemical 
transformations  in  energetic  materials.  Several  conclusions  were  drawn  on  the  basis  of  the  results  of 
this  study. 

Before  determining  the  role  of  different  stages  in  ignition,  one  could  estimate  the  effect  of  intrinsic 
"mechanical"  processes  using  this  simple  model.  Small  magnitude  of  the  coherence  coefficient  or  a 
relatively  small  value  of  strain  cannot  be  the  criterion  for  neglecting  the  coherence  relationship 
between  heat  transfer  and  deformations  in  the  description  of  transient  combustion  processes  including 
ignition. 


The  global  kinetic  parameters  determined  using  a  purely  thermal  model  may  not  correspond  directly 
to  chemical  transformations;  the  energy  of  activation  of  the  global  reaction,  because  of  the  action  of 
mechanical  processes,  could  appear  either  higher  or  lower  than  the  true  value  for  unloaded  material. 

The  temporal  behavior  of  the  surface  temperature  during  heating  of  a  solid  material  depends  on 
contributions  of  chemical  heat  release  and  mechanical  destruction  heat  loss.  This  behavior  should  not 
be  considered  as  a  unique  source  of  information  about  exothermicity  of  the  material  thermal 
decomposition.  In  the  case  of  pronounced  heat  loss  due  to  mechanical  destruction  an  apparent 
behavior  may  look  similar  to  one  for  endothermic  decomposition  in  spite  of  the  existence  of  finite 
rate  exothermic  transformations  in  the  condensed  phase.  On  the  other  hand,  the  estimates  show  that 
even  in  the  case  of  an  endothermic  reaction,  a  process  similar  to  ignition  (rapid  rise  of  surface 
temperature)  may  occur  in  the  solid  energetic  material  if  the  reaction  proceeds  with  a  high  increase  of 
volume. 
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MATHEMATICAL  MODELING  OF  OPERATION  OF  AN  ACOUSTIC  DAMPER 
WITH  GAS  IN  ITS  INTERNAL  CAVITY 
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ABSTRACT:  A  mathematical  model  has  been  developed  of  operation  of  an  acoustic 
damper,  based  on  Helmholtz's  resonator  principles,  when  a  gas  comes  into  its  internal  cavity 
and  flows  out  through  passages.  Such  an  acoustic  damper  rather  effectively  suppresses 
oscillations  in  the  chemical  propulsion.  The  purposeful  arrangement  of  a  supply  of  gas  with 
given  properties  into  the  internal  cavity  of  the  acoustic  damper  enables  considerable  decrease 
in  the  dimensions  of  the  damper,  thus  providing  its  efficient  use  to  suppress  low  -  frequency 
oscillation.  A  solid  propellant  grain,  placed  in  the  cavity  of  the  acoustic  damper,  can  be  used 
as  the  gas  mass  source. 

The  operation  of  the  acoustic  damper  has  been  analysed  based  on  the  model  proposed. 
The  experimentally-observed  effect  of  a  significant  increase  in  the  efficiency  of  operation  of 
the  acoustic  damper  with  increase  in  the  velocity  of  the  steady  -  state  flow  through  the 
damper  passages  has  been  shown  to  be  related  to  increase  in  friction  in  the  passages,  and  the 
threshold  velocity  of  the  steady  -  state  flow,  at  which  this  effect  appears,  has  been  shown  to 
be  determined  by  equality  of  the  velocities  of  the  pulsation  and  steady-  state  flows.  The  use  of 
a  solid  propellant  as  a  gas  mass  source  in  the  damper  cavity  results  in  more  efficient  operation 
of  the  damper. 


Nomenclature 

P,T,  p  -  gas  pressure,  temperature  and  density,  respectively 
U,  V  -  solid  propellant  burning  rate  and  gas  velocity  in  connecting 
channel  (gas  velocity  is  positive  indirection  of  damper  inner  cavity  ) 

W,  F  -  volume  of  cavity  of  acoustic  damper  and  total  area  of  its  channels’  cross  section 

R,  C,  y  -  gasconstant,  sonic  velocity  and  adiabatic  index  in  damper  cavity 
1,  d,  n  -  length,  diameter  and  perimeter  of  connecting  channels 

S,  po  ~  solid  propellant  burning  area  and  density 

iw  ,  ^  -  tangential  stress  on  channel  wall  and  channel  friction  resistance  coefficient 

t ,  CO  -  time  and  acting  oscillation  dimensionless  frequency 
Z,  Y  -  impedance  and  acoustic  conductivity  of  conditional  surface 
R,  A  -  resistance  and  damping  coefficient 

Subscripts  and  Superscnpts 

o  -  stagnation 
'  -  pulsation 

30  -  effective 

m,  k  -  solid  propellant  and  combustion  chamber 
7' ,  7  -  real  and  imaginary 
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An  acoustic  damper,  whose  operation  is  based  on  the  principles  of  the  Helmholtz  resonator,  is  an 
effective  means  for  oscillation  suppression  in  the  combustion  chambers  of  various  chemical  rocket 
engines.  Experimental  data  of  investigations  of  acoustic  dampers,  generalized,  e.  g.,  in  [  1  ],  show  that 
the  efficiency  of  dampers  substantially  increases  when  the  gas  flows  through  connecting  channels. 
Intentional  arrangement  of  such  a  flow  can  also  provide  stability  in  damper  parameters  during 
operation. 

This  study  is  aimed  to  elaborate  upon  a  mathematical  model  of  an  acoustic  damper  with  the  gas 
flowing  through  its  channels  and  analyze  its  key  parameters  as  a  function  of  its  steady-state  velocity  in 
the  connecting  channels.  In  particular,  the  gas  flow  through  the  channels  is  arranged  by  burning  a  solid 
grain  in  the  damper  cavity.  This  provides  stable  gas  dynamic  parameters  in  the  damper  cavity  and 
allows  one  to  intentionally  establish  damper  parameters  by  choosing  a  propellant  with  required 
thermodynamic  properties  of  its  combustion  products  and  to  consider  the  effect  of  solid  propellant 
combustion  on  damper  characteristics.  Generally,  the  efficiency  of  an  acoustic  damper  operation  with 
the  gas  flowing  through  its  channels  should  be  analyzed  on  the  basis  of  comprehensive  consideration 
of  the  processes  occurring  in  its  cavity  and  in  the  chambers  where  it  is  installed  [  2  ].  However, 
parameters  (the  resistance,  impedance  and  damping  coefficient  ),  giving  a  rather  substantiated  idea  of 
the  efficiency  of  such  a  damper  and  allowing  one  to  compare  results  obtained  with  available 
experimental  results. 

A  mathematical  model  of  the  acoustic  damper  is  based  on  linearized  gas  mass  balance  equations 
for  the  acoustic  damper  cavity  and  gas  flow  equations  for  the  connecting  channels  with  the  assumption 
that  the  process  in  the  damper  cavity  is  adiabatic  and  that  the  length  of  the  connecting  channels  is 
negligible  with  comparison  to  the  oscillation  wave  length.  The  work  especially  emphasizes  the  effect 
of  the  gas  steady-state  flow  through  the  damper  connecting  channels  on  the  damper  efficiency.  For  this 
purpose,  relationships  are  used  for  friction  in  a  channel  with  a  pulsation  flow.  The  interaction  between 
the  gas,  flowing  from  the  channels,  and  the  damper  and  combustion  chamber  cavities  is  not 
considered,  but  the  conventional  channel  effective  length  is  employed. 

The  equations  are  as  follows: 


W^  =  Sp„U'+^(v,p+p„V) 


dt 


RT 


pA*^  =  P.-P-^1x„. 


(1) 

(2) 


Let  us  define  the  pulsation  component  of  the  tangential  stress  on  the  channel  wall  as  it  is  done  in 
[3]  with  the  assumption  that  the  hydraulic  resistance  coefficient  in  turbulent  steady-state  flow 
conditions  is  not  affected  by  flow  oscillation; 

T'.  =  ±  [(2(pV)/(pV)0/(8*p,)  +  ((pV)')2/(8*p,)]  (3) 

where  the  sign  in  the  expression  corresponds  to  that  of  (p*V)'. 

The  non-linear  term  in  this  expression  significantly  complicates  further  calculations,  so  let  us 
follow  the  results  [3]  and  perform  harmonic  linearization  of  this  expression  that  consists  in  its 
approximation  with  a  sinusoidal  function  under  the  condition  of  the  equality  of  the  channel  wall 
friction  force,  determined  by  both  relationship,  in  an  oscillation  half-period.  The  wall  tangential  stress 
pulsation  value  is  then  determined  as  follows: 


where  I V'  I  is  the  velocity  pulsation  amplitude  in  the  channel. 
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Let  us  scale  key  parameters  on  the  basis  of  the  average  pressure  in  the  damper  cavity,  the 
sonic  velocity  in  the  gas  filling  the  damper  cavity  and  channels,  and  the  steady-state  solid 
propellant  burning  rate  at  a  preset  damper  cavity  pressure.  Let  us  choose  the  chamber 
oscillation  period  as  the  time  scale. 

Then  we  have  :  u'  =  U'  /  U^,  v'  =  V'  /C,  tj'  =  P7  ,  x  =  t/ 1^. 

Also,  let  us  determine  a  characteristic  time  for  emptying  the  damper  cavity  in  the  form: 
tc  =  W/(F*C),  a  characteristic  time  for  disturbance  propagation  in  the  channel  in  the  form: 
tp  =  1  /  c,  and  associated  scaled  parameters. 

X  =t,/t, ,  =  (5) 

We  shall  consider  propellant  burning  rate  pulsations  in  the  damper  cavity  to  be  related  only  to 
pressure  pulsations.  For  the  case  of  a  harmonic  oscillation,  such  a  relationship  between 
dimensionless  parameters  will  be  determined  as: 

U'  =  T)'  /(©)  (6) 

where  /(co)  is  generally  a  frequency  complex  function.  Considering  the  above-mentioned  and 
the  designation  a  =  (  n  4^  ^  )/(  4  F),  the  system  of  equation  relative  to  dimensionless  variables 
is  as  follows. 

x^  =  V„ri(l-f((a))  +  v'  (7) 

^^  =  Tl«-n-a(v„+||v|)v 

The  system  of  equations  entirely  describes  operating  conditions  of  an  acoustic  damper  of 
the  design  under  consideration  in  the  framework  of  the  assumption  adopted  under  the  action 
of  constrained  oscillation  in  the  combustion  chamber.  For  harmonic  oscillation,  when  gas 
dynamic  parameters  can  be  presented  in  the  form  ,  e.g.,  of  r\*=  r|  exp  (ico  x),  the  associated 
equations  describing  relations  between  the  amplitudes  of  the  pressure  and  velocity,  will  be  as 
follows: 


1^6)  + 


iZCO-V^{\-/(o}) 
V 


+  aF„ 


+  Qr-|v|v=;7 


(8) 


To  analyse  these  equations  further,  let  us  separate  their  real  and  imaginary  parts, 
representing  the  associated  complex  numbers,  e.g.,  in  the  form  of  rj  =  r\,  +  i  r|,  and  the 
following: 


^0=  (X  o)  +  V,/,)2+ 

^2=  co-(x  co  +  V,/,)/% 


After  transformation,  we  have  two  algebraic  equations  with  respect  to  the  real  and 
imaginary  parts  of  pulsations  of  the  flow  scaled  velocity  in  the  damper  channel: 
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The  solution  of  this  system  results  in  a  transcendental  equation  to  be  solved  by  the 
iteration  method.  As  the  zero  approximation  a  relationship  is  used  between  the  dimensionless 
flow  velocity  pulsation  and  pressure  in  conditions  close  to  resonance  without  a  steady-state 
flow  in  the  connecting  channels.  This  relationship  is  obtained  from  Eqs.  (9)  and  is  as  follows 
at  Vo=  0: 

npn  C0c=>coo  (10) 


where  ©c  and  ©o  are  the  natural  frequency  of  the  Helmholtz  resonator.  This  relationship  shows 
that  there  is  no  frequency  shift  between  the  combustion  chamber  and  channels  pressure 
oscillation  in  resonance.  It  is  similar  to  the  relationship  between  the  acoustic  conductivity  of 
the  conditional  surface,  separating  the  damper  and  the  combustion  chamber,  and  the 
amplitude  of  the  combustion  chamber  pressure  oscillation  [1];  that  relationship  shows  a  inverse 
dependency  between  the  acoustic  conductivity  and  the  square  root  of  the  dimensionless 
amplitude  of  the  combustion  chamber  pressure  oscillation. 

The  natural  frequency  of  the  damper  under  consideration  can  be  presented  as: 


©.  = 


M 


(il) 


When  there  is  neither  combustion  nor  other  processes  determining  mass  oscillation  of  the 
gas  coming  into  the  damper  cavity,  the  natural  frequency  of  the  damper  under  consideration  is 
identically  equal  to  the  natural  frequency  of  the  Helmholtz  resonator: 


The  parameters,  characterizing  the  efficiency  of  the  damper  operation,  are  defined  as: 

Z-v/Ti,,  R-Z„  A  =  4*Z,/[(4+ 1)2  +  Z,2]  (13) 

In  the  calculations,  the  following  values  of  the  damper  parameters  were  adopted: 
w  =  2.6  X  10-5  m^  F=  9.6  x  10-^  m^,  1  =0.05  m,  c  =  600  m/s,  Pk  =  10  MPa,  the  natural  frequency 
of  the  damper  being  500  Hz.  The  dimensionless  velocity  of  the  steady-state  flow  through  the 
channels  varied  from  0  to  0.6.  In  the  calculations,  the  influence  was  analyzed  of  the  frequency 
of  the  acting  oscillation  (the  frequency  varied  in  a  range  of  ±30%  of  the  resonant  frequency  of 
the  damper)  and  of  the  amplitude  of  the  combustion  chamber  pressure  oscillation  on  damper 
parameters. 

Most  calculations  were  performed  without  consideration  of  propellant  combustion  in  the 
damper  cavity  on  its  operation  to  find  out  basic  features  related  to  a  steady-state  flow  through 
the  connecting  channels.  Fig.  1  shows  curves  A/Ao  of  the  ratio  of  the  damping  coefficient  with 
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Figure  1.  Variations  of  the  damping  coefficient  as  a  function  of  the  flow 
velocity  for  |PVl=  10^  (curve  1  -  coc  =  coo,  curves  2,  3  -  ©c  =  oo  (  1  ±0.1  ), 
curves  4,  5  -  Oc  =  ©o  (  1  ±  0.3  )  ). 

a  steady-state  flow  through  the  channels  to  its  value  without  a  steady-state  flow  through  the 
channels  for  a  number  of  frequency  values  of  the  acting  pressure  oscillation  that  characterize 
the  accuracy  of  the  adjustment  of  the  damper  for  the  frequency  of  the  oscillation  to  be 
suppressed.  The  amplitude  of  the  combustion  chamber  pressure  oscillation  is  a  set  of  a  value 
of  1  P'k  I  =  10^  Pa.  A  significant  increase  is  observed  in  the  damping  coefficient  rates  as  the 
flow  velocity  increases.  The  dependencies  are  non-linear  and  obviously  have  starting  sections 
of  a  negligible  effect  of  the  steady-state  flow  velocity  at  its  small  values.  When  the  frequency  of 
the  acting  oscillation  equals  the  natural  frequency  of  the  damper  (curve  1),  e.g.,  a  1.5  -  time 
increase  in  the  damping  coefficient  is  achieved  at  a  dimensionless  flow  velocity  of  0. 1 25,  and  is 
of  3.3  at  the  flow  velocity  equal  to  0.6.  When  the  frequency  of  the  combustion  chamber 
pressure  oscillation  does  not  coincide  with  the  natural  frequency  of  the  damper,  the  damping 
coefficient  ratio  grows  with  the  steady-state  flow  velocity  more  intensively,  the  negligible-effect 
starting  section  of  being  shorter.  Thus,  with  the  frequency  of  the  combustion  chamber 
oscillation  differing  from  the  natural  frequency  by  ±10%  (curves  2  and  3),  the  damping 
coefficient  increases  by  a  factor  of  1 1  to  1 5  at  a  flow  velocity  of  0.6,  and  it  increases  by  a  factor 
of  1.5  at  a  flow  velocity  of  0.04.  When  the  frequencies  differ  from  each  other  by  ±30%  (curves 
4  and  5),  the  damping  coefficient  increases  by  a  factor  of  30  to  40,  and  it  increases  by  a  factor 
of  1.5  at  a  flow  velocity  of  0.015.  The  curves  of  the  resistance  ratio  (R/Ro)  varying  with  the 
flow  velocity  practically  coincide  with  those  of  the  damping  coefficient  ratio. 

Fig. 2  shows  a  variation  of  the  absolute  damping  coefficient  and  resistance  with  the  flow 
velocity  in  a  range  of  small  dimensionless  velocities  (from  0  to  0.0125)  for  the  cases  when  the 
damper  is  adjusted  for  the  pressure  oscillation  frequency  to  be  suppressed  precisely  and  when 
these  parameters  are  discrepant  with  each  other  by  ±10%.  The  results  show  that  when  there  is 
no  gas  flow  through  the  channels,  the  damping  coefficient  and  resistance  are  2.75  higher  for  the 
well-adjusted  damper  than  for  the  ±10%  -  discrepancy  damper,  which  indicates  the  importance 
of  precisely  adjusting  the  damper  for  the  oscillation  frequency  to  be  suppressed  to  provide  its 
efficient  operation.  However,  when  there  is  a  steady-state  gas  flow  through  the  channels,  the 
efficiency  of  the  damper  operation  is  less  sensitive  to  the  adjustment  precision  and  it  can 
remain  to  high  in  a  wide  range  of  its  adjustment. 
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Figure  2.  Variations  of  the  damping  coefficient  and  the  resistance 
as  a  function  of  the  flow  velocity 


This  is  of  great  importance,  as  it  is  rather  hard  to  preliminarily  choose  design  parameters 
of  the  damper  because  of  the  uncertainty  in  real  parameters  of  the  combustion  pressure 
oscillation  for  suppression  of  which  the  damper  is  adjusted;  and  of  the  instability  in  gas 
parameters  (mainly,  temperature)  in  the  damper  cavity  and  channels. 

Fig.3  shows  variations  of  the  damping  coefficient  as  a  function  of  the  flow  velocity  for  a 
oscillation  amplitude  of  I  I  =10  Pa.  The  nature  of  the  damping  coefficient  variations  with 
the  steady-state  flow  velocity  in  the  channels  is  similar  to  the  previous  case,  however,  a 
significant  increase  is  observed  in  the  intensity  growth  of  the  damping  coefficient  ratio  with  the 
flow  velocity  for  any  damper  adjustment  levels  for  the  acting  oscillation  frequency.  As 
compared  to  the  previous  case,  the  damping  coefficient  ratio  increases  by  a  factor  of  3  for  the 
precisely-adjusted  damper,  to  by  a  factor  of  6  for  the  30%  -  discrepancy  damper.  The  absolute 
damping  coefficient  for  this  case  is  therewith  3.2  times  lower  than  in  the  previous  case  as  it 
follows  from  Eq.(lO). 
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Figure  3.  Variations  of  the  damping  coefficient  as  a  function  of  the  flow  velocity 
for  I  Vj-  10"^  (  curve  1  -  coc  =  coo ,  curves  2,  3  -  coc  =  coo  (  1  ±  0. 1  ), 
curves  4,  5  -  cOc  =  o)o  (  1  ±  0.3  ) ). 
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Analysis  of  the  results  presented  enables  making  the  following  conclusions  on  the  effect  of 
the  presence  of  a  steady-state  flow  in  the  damper  channels.  An  increase  in  the  velocity  of  the 
gas  flowing  through  the  channels  results  in  a  considerable  increase  in  the  efficiency  of  the 
damper  adjusted  for  the  frequency  to  be  suppressed. The  presence  of  a  gas  flow  and  an 
increase  in  its  velocity  allows  attaining  a  high  efficiency  of  oscillation  suppression  even  in  the 
case  of  a  substantial  difference  between  the  natural  frequency  of  the  damper  and  the  frequency 
of  the  oscillation  to  be  suppressed.  The  highest  increase  in  the  damper  efficiency  with  the  gas 
velocity  in  the  channels  occurs  when  the  damper  is  adjusted  for  the  frequency  rather  poorly, 
which  allows  efficient  use  of  such  a  damper  at  widely-ranging  parameters  of  the  combustion 
chamber  oscillation  and  parameters  of  the  gas  in  the  damper  cavity.  The  suppression  of  the 
oscillation  by  the  damper  of  the  type  under  consideration  is  characterized  by  a  high  stability  to 
the  amplitude  of  the  oscillation  to  be  suppressed.  At  a  preset  flow  velocity  in  the  channels,  its 
efficiency  increases  as  the  amplitude  of  the  oscillation  to  be  suppressed  decreases.  Thus,  such  a 
damper  can  entirely  suppress  the  oscillation  in  the  combustion  chamber. 

The  peculiarities  of  the  process  established  are  qualitatively  validated  by  known 
experimental  data  and  allow  accounting  for  a  number  of  features  of  operation  of  an  acoustic 
damper  with  a  gas  flowing  through  its  channels,  that  are  observed  in  experiments.  Fig.4  shows 
experimental  curves  for  a  variation  of  the  resistance  ratio  with  the  gas  flow  velocity,  obtained 
under  various  conditions  and  generalized  in  [1].  In  that  work,  mentioned  are  a  considerable 
difference  between  the  results  presented  and  the  existence  of  a  flow  velocity  threshold  (>lm/s), 
when  the  effect  appears  of  an  increase  in  the  efficiency  of  oscillation  suppression.  As  follows 
from  an  analysis  of  the  model  presented  and  calculation  results,  it  is  necessary  to  consider 
specific  gas  dynamic  parameters  in  the  damper  cavity  and  combustion  chamber  to  compare 
experimental  data  obtained  in  different  conditions.  Thus,  it  is  advisable  to  use  the  flow  velocity 
to  gas  sonic  velocity  ratio  when  reducing  data  of  the  channel  resistance  variation.  Such  a 
parameter  is  more  universal  than  the  absolute  velocity.  In  addition,  it  is  important  to  know  a 
reliable  value  of  the  oscillation  amplitude  in  the  combustion  chamber  where  a  damper  is 
installed.  Correction  of  experimental  data  with  these  parameters  results  in  the  possibility  to 
horizontally  displace  associated  curves  in  the  plane  of  the  figure.  As  mentioned  above,  the  level 
of  damper  adjustment  for  the  frequency  of  the  oscillation  to  be  suppressed  is  of  great 
importance,  first  of  all,  for  determination  of  the  conditional  start  of  an  essential  increase  in  the 
resistance  ratio  with  the  steady-state  flow  velocity  in  the  channels.  It  should  be  noted  that  the 
intensities  of  the  growth  (i.e.,  curve  inclination  angle)  of  the  dimensionless  resistance  at  high 
velocities  obtained  in  this  work  and  in  [I]  are  in  good  agreement. 
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Figure  4.  Variations  of  the  damping  coefficient  as  a  function  of  the  flow 
velocity  (  experimental  curves  from  [1]  ) 
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An  important  consequence  of  the  model  proposed  is  the  possibility  to  physically 
substantiate  and  account  for  the  behavior  of  the  dimensionless  resistance  and  damping 
coefficient  as  functions  of  the  flow  velocity  at  small  values  of  the  latter.  Direct  estimates  of  gas 
parameters  in  the  channels  yield  no  reason  to  consider  the  channel  flow  regime  to  be  laminar 
near  the  zone  of  the  sharp  change  of  the  resistance  and  damping  coefficient,  and  the  sharp 
change  proper,  to  be  caused  by  a  laminar-to-turbulent  transition.  In  this  model,  a  resistance 
law,  corresponding  to  developed  turbulent  flow  [4],  is  adopted.  As  follows  from  it,  the 
behavior  of  the  tangential  stress  on  the  channel  wall  drastically  changes  when  the  steady-state 
flow  velocity  achieves  a  value  exceeding  the  amplitude  of  the  velocity  oscillation  in  the  channel. 
In  this  case,  the  terra  in  the  equation  for  the  tangential  stress,  which  contains  the  steady-state 
flow  velocity,  becomes  more  ponderable  than  the  term,  containing  the  velocity  oscillation 
amplitude.  The  relation  between  a  change  in  the  damping  coefficient  and  the  steady-state  flow 
velocity  in  the  channels  is  determined  by  the  law  of  variation  in  the  tangential  stress  with  the 
steady-state  flow  velocity,  so  the  threshold  steady-state  velocity,  at  which  exceeding  a  sharp 
growth  in  the  damping  coefficient  is  observed,  can  conditionally  be  considered  to  be  the 
velocity  from  the  condition: 

Vo  >  |V'|*7t/8  (14) 

One  way  to  intentionally  arrange  a  steady-state  gas  flow  through  the  damper  channels  is 
positioning  the  damper  inside  the  solid  propellant  grain.  Despite  the  fact  that  the  damper 
natural  frequency  varies  as  the  grain  burns,  the  steady-state  flow  of  the  combustion  products 
through  the  damper  cavity  and  its  channels  will  support  a  predicted  stability  in  its  parameters. 
The  need  in  efficient  operation  of  the  damper  is  actually  confined  to  some  periods  in 
combustion  chamber  operation,  with  consideration  of  which  initial  parameters  of  the  damper 
and  grain  should  be  chosen.  In  this  connection,  an  evaluation  of  the  influence  of  solid 
propellant  combustion  inside  the  damper  on  its  operation  is  of  interest. 

As  follows  from  Eqs.  (13),  the  efficiency  of  combustion  chamber  oscillation 
suppression  is  determined  by  the  gas  velocity  oscillation  in  the  connecting  channels.  Fig.5 
shows  versions  of  individual  calculations  of  the  velocity  oscillation  amplitude  as  a  function  of 
the  steady-state  flow  velocity  in  the  channels,  determines  the  mass  income  into  the  gas  damper 
cavity,  for  some  numerical  values  of  the  real  and  imaginary  parts  of  the  influence  function  in 
Eq.(6).  The  velocity  oscillation  amplitude  dependence  of  the  steady-state  flow  velocity  can  be 
of  various  forms  for  various  specific  influence  function  parameters  in  Fig.5. 


Figure  5.  The  velocity  oscillation  amplitude  as  a  function  of  the  steady-state  flow 

velocity  in  the  channels. 
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The  velocity  oscillation  amplitude  is  observed  to  decrease  (curve  2),  to  increase  with  various 
intensities  (curves  I  and  4)  ,  and  to  vary  non-monotonously,  having  a  maximum  (curve  3)  as 
the  steady-state  flow  velocity  increases  .  Taking  into  account  the  damper  natural  frequency 
dependence  of  the  influence  function  parameters,  such  behavior  of  the  curves  is  quite 
explicable  and  indicates  the  possibility  to  enhance  the  damper  efficiency  using  this  effect. 

Intentional  selection  of  the  geometry  of  an  acoustic  damper  and  of  thermodynamic 
parameters  of  the  gaseous  products  filling  its  cavity  and  connecting  channels  in  operation,  as 
well  as  arrangement  of  a  steady-state  gas  flow  through  the  channel,  enable  widening  the 
application  area  for  acoustic  dampers  of  the  type  under  consideration.  This  allows  using  such  a 
design  to  suppress  the  combustion  chamber  oscillation  with  comparatively  low  frequencies.  An 
acoustic  damper  of  the- type  under  consideration  was  manufactured  and  tested  to  suppress  the 
combustion  chamber  acoustic  oscillation  of  about  100  Hz  frequency  and  up  0.3  MPa 
amplitude.  Such  an  acoustic  damper  of  0.012  m^  cavity  volume  enabled  reduction  in  the 
oscillation  amplitude  down  to  the  noise  level  (less  than  0.05  MPa).  The  above-described 
mathematical  model  for  operation  of  an  acoustic  damper  allowed  rather  accurate 
determination  of  its  parameters  and  efficiency. 
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ABSTRACT:  The  results  of  the  experimental  investigation  of  ignition  processes  for  various 
propellant  models  are  presented.  The  investigations  have  been  made  by  interferometric  techniques 
in  terms  of  process  visualization  and  qualitative  analysis  as  well  as  in  determining  the  various 
local  and  integral,  time  and  space  characteristics.  The  investigations  have  been  made  by  new 
approaches.  Their  fundamentals  are  presented  shortly  with  reference  on  the  author's  papers  which 
have  been  published  recently.  These  approaches  have  not  been  used  earlier  by  other  investigators 
in  the  ignition  process  research. 


1.  INTRODUCTION 

In  [1-5]  new  approaches  to  interferometric  techniques  (IT)  in  research  of  combustion 
processes,  in  particular  in  research  of  propellant  ignition  and  burning  in  terms  of  process 
visualization  as  well  as  in  determining  the  local  and  integral  characteristics,  have  been  presented. 

In  [1]  possibilities  of  the  visualization  of  the  ignition  process  of  transparent  (glassy)  propellant 
models  both  in  the  condensed  phase  (c-phase)  and  gaseous  phase  (g-phase)  of  a  burning  wave  by 
means  of  the  holographic  IT  are  shown.  The  holographic  IT  permits  to  study  the  heat  release  and 
heat  transfer  in  a  transparent  solid  substance  with  surfaces  which  have  not  high  optical  quality. 

In  [2,3]  a  new  approach  to  the  solution  of  the  problem  of  the  flame  temperature  field  determination 
based  on  the  refractive  index  field  is  presented.  This  approach  is  as  follows.  As  estimations, 
which  have  been  done  for  various  reacting  systems,  have  shown,  there  is  an  a  priori  relationship 
between  the  temperature  variation  in  the  burning  wave  and  the  molar  refraction  variation.  By 
examining  this  a  priori  relationship  in  conjunction  with  a  reacting  system  state  equation  one  can 
obtain  a  formula  of  the  flame  temperature  field  determination. 

In  [3-5]  possibilities  of  determining  the  integral  characteristics  of  a  burning  wave  by  IT  are  shown. 
They  describe  the  g-phase  of  the  burning  wave  (and  the  burning  process)  as  a  whole.  They  include: 
gas  mass  and  heat  quantity  in  the  g-phase  of  the  burning  wave,  mass  burning  rate  and  heat 
release  power  during  the  propellant  ignition  process  and  other  characteristics.  The  eikonal  of  the  g- 
phase  of  the  burning  wave  (the  integral  of  the  function  of  the  phase  difference  distribution  in  the 
interferogram  recording  plane)  are  used  for  the  determination  of  the  integral  characteristics. 
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All  approaches  and  experimental  results  are  discussed  in  detail  in  [6,7].  The  present  paper 
generalizes  only  some  experimental  data  obtained. 


2,  INVESTIGATION  OF  PROPELLANT  TRANSPARENT  MODELS.  VIZUALIZATION 
OF  ENTIRE  STRUCTURE  OF  BURNING  WAVE 

IT  is  employed  traditionally  only  in  research  of  the  part  of  the  burning  wave  which  is  in  the  g- 
phase,  except  [8]  and  other  papers  by  Ito  and  Kashiwagi  [8],  in  which  the  holographic  IT  are  used 
for  the  visualization  and  analysis  of  the  process  of  the  liquid  burning  flame  spread  both  in  the  c- 
and  the  g-phases  simultaneously. 

The  results  demonstrating  the  potentialities  of  the  holographic  IT  in  the  burning  wave 
visualization  in  the  c-  and  g-phases  simultaneously  during  the  laser  radiation  ignition  (LRI) 
process  of  the  solid  propellant  transparent  (glassy)  models  are  presented  below.  Under 
investigation  was  LRI  of  the  polymethylmethacrylate  (PM)  and  celluloid  (weakly  nitrated 
cellulose  -  NC)  samples  (laser  radiation  wavelength  was  10.6  microns,  laser  spot  size  was  5  mm, 
radiation  flow  density  is  80  W/cm^  ).  The  PM  samples  were  parallelepiped  (20x30x30  mm). 
The  NC  samples  were  1  mm  thick  plates. 

Figures  1  and  2  show  the  film  frames  representing  typical  features  of  the  burning  wave  shaping 
and  development  during  LRI  process  (numbers  under  flames  show  moments  of  the  time  t  in 
seconds  with  the  origin  at  the  onset  of  the  laser  radiation).  The  time  of  laser  radiation  was  1 5 
sec.  (Figure  1)  and  8  sec.  (Figure  2).  After  the  radiation  was  tumed-off,  the  PM  samples  were 
extinquished,  the  NC  samples  were  continued  to  bum. 

The  qualitative  analysis  of  the  holographic  interferometric  films  has  revealed  the  number  of  LRI 
stages  taking  place  both  sequentially  and  concurrently,  among  which  the  following  stages  may  be 
pointed  out; 

-formation  in  the  c-phase  of  the  "cone"  layer  heated  by  the  laser  radiation,  the  simultaneous 
generation  of  stresses  within  the  sample  (the  elastic  strain  of  the  sample  as  a  whole)  and 
gasification  of  the  sample  substance  (see  t=0.1  ...3  sec.  -  Figure  1  and  t=0.1  ...1  sec.  >  Figure  2); 

-inflammation  of  the  gasification  products,  the  expansion  of  the  inflammation  front  to  the 
sample  and  stabilization  of  the  flame  near  the  sample  surface  (see  t=3  ...4.5  sec.  -  Figure  1  and 
t=l  ...3  sec.  -  Figure  2); 

-formation  of  the  "hemisphere"  layer  heated  due  to  the  heat  transfer  from  the  flame  (sec  t=4.5  sec.  - 
Figure  1  and  t=3  sec.  -  Figure  2); 

-restmcturing  of  the  heated  layer  (see  t=4.5  ...6  sec.  -  Figure  I  and  t=3  ...5  sec.  -  Figure  2); 

-development  of  the  stresses  after  the  stabilization  of  the  flame  over  the  sample  (see  t=4.5  ...9  sec. 

-  Figure  1  andt=3  ...5  sec.  -  Figure  2); 

-buming-out  of  the  sample  substance,  the  development  of  a  bumt-out  "cone"  (it  appears  as  a  result 
of  self-focusing  of  the  laser  radiation)  and  restructuring  of  the  general  heated  layer  (see  t=6 
...15  sec.  -  Figure  1  and  t=5  ...8  sec.  -  Figure  2).  The  bumt-out  "cone"  can  be  definitely  observed 
on  the  frame  t=34  sec.  (Figure  1); 


784 


-formation  and  development  of  the  phase  transition  zone  (see  the  dark  zone:  t=0.1  ...15  sec.  - 
Figure  1); 

-various  transition  processes  in  the  g-  and  the  c-phases  after  the  interruption  of  the  laser  radiation 
followed  by  the  flame  extinction  and  dissipation  of  the  heat  accumulated  in  the  sample  (see 
t=15.1  ...  34  sec.  -  Figure  1). 

As  Figures  1  and  2  show,  the  burning  wave  structure  formed  during  LRI,  is  not  one-dimensional 
due  to  the  laser  radiation  self-focusing  in  the  sample  substance. 

The  quantitative  analysis  of  stages,  observable  in  the  c-phase  calls  for  a  further  theoretical 
elaboration  of  the  interferogram  calculation  techniques  and  the  discussion  of  experimental  problems 
and  set  up. 


3.  INVESTIGATION  OF  REAL  PROPELLANT  MODELS 
3.1  EXPERIMENTAL  CONDITIONS 

The  LRI  process  of  the  following  real  propellant  models  was  investigated:  1  -  Cellulose  Nitrate,  2  - 
AP+PS,  a=1.0;  3  -  AP+PM,  a=1.5;  4  -  AP+PM+2%Fe203 ,  a=1.0;  5  -  AP+PM+10%A1,  a=1.0  (AP  is 
ammonium  perchlorate,  PM  is  polymethylmetacrylate,  PS  is  polystyrene,  "a"  is  oxydizer-fuel 
equaience  ratio).  The  experiments  were  conducted  in  the  air  surroundings  under  the  pressure  1  atm. 
The  cylindric  samples  with  diameter  of  3.4  mm  (sample  1),  5  mm  (2,  3)  and  7  mm  (4,  5)  were  used. 
Two  types  of  lasers  with  the  two  different  radiation  wavelengths  were  used.  The  surface  of  samples 
1,  2,  3  was  covered  by  the  thin  («0.01  mm)  graphite  layer.  The  laser  spot  size  at  the  sample  surface 
was  «2  mm  (1,2,  3),  ^3  mm  (4)  and  mm  (5).  Special  means  for  the  equation  of  the  flux  density 
distribution  in  the  cross-section  of  the  laser  beam  were  not  applied  except  the  installation  of  the 
diaphragm  at  the  beam  exit  from  the  laser.  Different  powers  and  flux  densities  of  the  laser  radiation 
were  applied  in  experiments  (the  data  is  in  Tables  1,  2,  3).  The  polarization  shift  interferometer  was 
applied  for  the  production  of  the  interference  films  (the  speed  was  about  1000  frames  per  second). 

Figure  3  shows  the  film  frames  representing  the  initial  period  of  LRI  process  of  samples  1-5 
(numbers  under  frames  show  moments  of  the  time  t  in  seconds  with  the  origin  at  the  onset  of  the 
laser  radiation). 


3.2.  TEMPERATURE  FIELDS 

The  g-phase  temperature  T  fields  were  determined  in  the  period  from  the  emergence  of  the 
gasification  products  to  the  establishment  of  the  quasi-stationary  burning  conditions. 

The  Figure  4  shows  the  temperature  fields  obtained  for  the  LRI  initial  period  of  the  sample  1. 
For  this  sample  the  temperature  fields  indicate  that  the  gasification  intensity  from  the  sample 
surface  is  periodic  in  character.  For  other  samples  some  temperature  data  are  presented  in  Table  1 . 


3.3  INTEGRAL  THERMODYNAMIC  AND  DYNAMIC  CHARACTERISTICS  OF  LRI 

PROCESS 

The  quantitative  analysis  of  the  LRI  process  as  a  whole  was  done  for  real  propellant  models  by 
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Figures.  The  film  frames  representing  the  initial  period  of  LRI  process  of  the  samples  1-5. 


700 


0.027  0.031  0.034  0.037 


Figure  4.  The  temperature  fields  (T  in  K)  in  the  gasification  and  burning  products  flow  (g-phase 
of  burning  wave)  during  the  initial  period  of  LRI  process  of  sample  1  (t=0.014  ...0.037  sec.). 
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means  of  the  measurement  of  parameters  of  the  gaseous  products  flow  emerging  after  the  laser 
radiation  onset. 

The  LRI  initial  period  and  the  response  period  dealing  with  the  laser  radiation  turn-off  was  studied. 
The  period,  while  the  emerging  gasification  and  burning  products  "cap”  was  seen  as  a  whole  within 
the  viewing  area  of  the  interferometer  was  taken  as  initial.  The  methodologies  stated  in  Ref  [3-5] 
and  described  in  length  in  [6,7]  were  applied.  The  determination  of  the  "cap"  gas  mass  m,  its 
"average"  temperature,  enthalphy  H,  the  bumt-out  sample  mass  burning  rate  m',  heat  release  power 
H'  and  other  quantities  by  means  of  the  "cap"  eikonals  lies  in  the  base  of  these  methodologies. 

Some  of  the  findings  are  given  in  Table  1.  Figure  5  shows  how  m,  H  and  the  average  specific 
enthalpy  Hm  of  the  "cap"  vary  in  time  during  the  initial  period  of  LRI  process  of  sample  4  (see 
the  curves  for  t=0  ...0.07  sec.). 


TABLE  1 


Cellulose 

Nitrate 

AP+PM 

AP+PM+ 

2%Fe203 

AP+PM+ 

10%  A1 

AP+PS 

1,  microns 

1.06 

1.06 

10.6 

10.6 

1.06 

qs,  W/cm^ 

300 

300 

150 

420 

300 

dti,  sec. 

0.2 

0.5 

0.2 

0.2 

0.5 

dt ,  sec. 

0.037 

0.051 

0.078 

0.069 

0.059 

(the  time  being  analysed;  the  period  of  the  time  during  which  the  calculations  were  made.  The 
results  of  measurements  m'(t)  and  H'(t)  showed  that  at  the  end  of  this  period  the  quasi -stationary 
burning  of  samples  1  -4  has  formed) 

h,  mm  0.23  0.26  0.34  0.38  0.41 

(the  average  thickness  of  the  sample  layer  which  bumt-out  during  dt) 
max  m’,  g/sec.  0.06  0.07  0.12  0.70  0.10 

(at  the  end  of  the  time  being  analysed) 

max  U,  mm/sec.  10  10  15  29  14 

(at  the  end  of  the  time  being  analysed) 

maxH',W  16  20  105  1050  35 

(in  the  g-phase  during  the  gasification  products  inflammation) 

maxT,K  1500  >2700  2600  -  >2700 

(y=10  mm)  (y=i9  mm) 

(in  the  g-phase  during  the  gasification  products  inflammation,  y  is  the  distance  from  the  the  sample 
surface) 

h,mm  0.024  0.010  0.040  0.070  0.010 

(the  average  thickness  of  the  sample  layer  which  bumt-out  to  the  max  H'  moment) 
maxT,K  -  2700  1900  -  2700 

(y=l  mm)  (y=8  mm)  (y=l  mm) 

(in  the  g-phase  after  the  quasi -stationary  burning  under  laser  radiation  sets  in) 

H’,  W  16  20  49  200  32 

(at  the  end  of  the  time  being  analyzed) 

q,W  4  «20  42  150  « 32 

(the  resulting  heat  release  power  through  chemical  reactions  in  the  system  consisting  of  the  sample 

and  the  g-phase,  q=H'-qi), 

Q,J/g  70  280  350  214  330 
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(the  resulting  thermal  effect  of  chemical  reactions  Q=q/m’) 


Qi,J/g 

210 

«0 

60 

70 

«0 

(the  thermal  effect  of  the  laser  radiation  Q\~  qj/m’;  samples  2, 
absorb  the  laser  radiation  with  the  wavelength  1 .06  microns) 

3,  as  experiments 

show,  did 

v,  m/sec. 

6,2 

4,8 

5,8 

- 

3,5 

F,J/kg 

185000 

215000 

300000 

475000 

250000 

V ,  m"/kg 

1.85 

2.15 

2.80 

4.60 

2.50 

E  10'^  J/m" 

0.6 

1.0 

1.4 

4.2 

1.4 

Notes:  1  is  the  laser  radiation  wavelength,  qs  is  the  laser  radiation  flux  density  (qj  is  the 
power),  dti  is  the  whole  laser  radiation  time,  ’’max”  is  the  maximum  rate,  v  is  the  flow-section> 
average  linear  gas  velocity  near  the  sample  surface,  F  and  V  are  intraballistic  characteristics  of 
propellants  (the  force  of  powder  F,  the  specific  gas  production  V),  E  is  the  quantity  of  the  heat 
released  when  a  unit  volume  of  the  sample  substance  is  burned,  the  sign  indicates  that  the 
quantity  is  not  measured. 


3.4.  CHARACTERISTIC  TIMES  OF  SOME  STAGES  OF  LRI  INITIAL  PERIOD 

Based  on  the  qualitative  analysis  of  the  interference  films  (Figure  3),  the  measurements  of  the 
characteristic  times  dtj  of  the  individual  successive  stages  of  the  LRI  initial  period  were  made; 
the  gasification  delay  (index  i  =  1),  the  duration  of  the  endotermic  (2)  and  low-exotermic  (3) 
gasification  and  the  duration  of  the  inflammation  of  the  gaseous  product  (4).  The  results  are 
given  in  Table  2  (the  samples  numbers  are  shown  in  the  table  top). 

TABLE 2 


4 

5 

5 

5 

qs,  W/cm- 

150 

420 

350 

200 

dti,  sec. 

0.022 

0.022 

0.032 

0.055 

dt2,  sec. 

0.029 

0.018 

0.018 

0.022 

dt3,  sec. 

0.004 

0.008 

0.010 

0.009 

dt4,  sec. 

0.007 

0.009 

0.012 

0.008 

3.5.  CHARACTERISTIC  TIMES  OF  SOME  STAGES  OF  RESPONSE  PROCESS  ON 
LASER  RADIATION  TURN-OFF 

Figure  5  shows  the  film  jframes  representing  sample  4  response  process  dealing  with  the  laser 
radiation  turn-off  and  the  curve  Hm(t)  of  the  burning  products  flow  (see  t=0.20  ...0.30  s).  On  Figure 
6  the  curves  of  m’(t)  and  H'(t)  are  shown.  The  methodologies  of  their  determination  have  been 
discussed  in  [9]. 

The  qualitative  and  quantitative  (Figures  5  and  6)  analysis  of  the  interference  films  allowed  the 
characteristic  times  dti  and  the  buming-area-average  thicknesses  hj  of  the  buming-out  layers  of 
five  individual  stages  to  be  revealed  and  evaluated:  the  response  of  the  g-phase  reaction  zone  (index 
i  =  5),  the  stage  of  the  delay  of  the  c-phase  response  (6),  the  response  of  the  c-phase  reaction  zone 
(7),  the  response  of  the  c-phase  heat  layer  that  developed  upon  exposure  to  the  laser  radiation 
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(8)  and  the  stage  of  the  establishment  of  the  new  level  of  the  burning  rate  (9).  These 
evaluations  allow  one  to  judge  indirectly  about  the  burning  wave  structure  and  its  zones  sizes. 

The  results  are  given  in  Table  3.  Some  df  are  shown  on  Figures  5  and  6. 


0.200  0.299 

H,  J 


Figure  5.  The  film  frames  representing  the  response  process  of  LRI  of  sample  4  after  the  laser 
radiation  tumed-off  and  the  curves  of  the  g-phase  mass,  enthalphy  and  specific  enthalpy  in  the 
initial  period  of  LRI  (t=0  ...0.07  sec.)  and  the  curve  of  the  specific  enthalphy  during  the  response 
process  (t=0.020  ...0.030  sec.). 


Figure  6.  The  curves  of  the  mass  burning  rate  and  the  heat  release  power  during  the  response 
process  of  the  LRI  of  sample  4. 
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The  quantities  hj  are  evaluated  by  the  following  formula: 

h,  =  <m'i>dtj/S  d 

where  <m'j>  is  the  average  mass  burning  rate  during  dti ;  S  is  the  burning  area  of  the  sample  surface, 
d  is  the  sample  substance  density,  i  -  6,  7,  8,  9,  10.  The  quantity  h5=  v  dtf,  where  v  is  the  average 
linear  gas  velocity  near  the  sample  surface. 


TABLE  3 


4 


5 


4 


5 


qs,  W/cm^ 

150 

420 

150 

420 

dts,  sec. 

0.001 

- 

hs,  mm 

6 

- 

dt6,  sec. 

0.026 

0.009 

he,  mm 

0.400 

0.400 

dt7,  sec. 

0.003 

0.025 

h?,  mm 

0.045 

0.280 

dtg,  sec. 

0.030 

0.095 

hs,  mm 

0.450 

1.120 

dt9,  sec. 

0.040 

0.080 

hg,  mm 

0.110 

0.200 

dtio,  sec. 

0.099 

0.209 

hio,  mm 

1.050 

2.000 

Notes:  dtio  is  the  general  time  from  the  interruption  of  the  laser  radiation  to  the  establishment  of 
the  new  purely  "independent"  quasi-stationary  burning  conditions,  hjo  is  the  thickness  of  the 
layer  which  has  bumed-out  during  that  period  of  time. 


4.  CONCLUSION 

The  undeniable  advantages  of  IT  for  the  diagnostics  of  LRI  are  non-intrusiveness,  fast  response, 
and  obviousness.  However,  in  our  opinion,  the  most  fundamental  advantage  of  IT  is  the 
determinability  of  the  wide  variety  characteristics  of  LRI. 

Unfortunately,  in  this  paper,  the  authors  can  not  provide  examples  of  the  realization  of  other 
potentials  of  IT  (the  evaluations  of  the  resulting  thermal  effects  of  chemical  reactions  in  the  c- 
and  g-phases,  thermal  effect  of  the  convective  heat  loss  from  the  burning  sample  surface,  the 
conductive  heat  flux  from  the  g-phase  to  the  burning  sample  surface,  the  effective  absorption  index 
of  the  c-phase)  due  to  the  limited  volume  of  the  paper  which  may  be 

presented  to  publication.  Besides  this,  there  are  some  problems  associated  with  maintaining  the 
conditions  under  which  some  particular  procedure  may  be  employed  and  problems  dealing  with 
the  authors'  limited  capabilities  for  implementing  the  needed  ignition  process  scenario.  Authors 
hope  that  joint  efforts  of  them  and  of  other  investigators  who  will  take  interest  in  the  practical 
implementation  of  IT  will  permit  to  solve  a  number  of  problems  of  the  IT  ignition  research.  The 
authors  would  like  to  invite  experts  in  the  fields  of  the  ignition  research  to  participate  in  IT-related 
project  frameworks. 
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ABSTRACT.  This  work  concerns  the  ignition  behaviour  of  ammonium  perchlorate  /  non-stabilized 
ammonium  nitrate  /  hydroxyl  terminated  polybutadyene  and  ammonium  perchlorate  /  non-stabilized 
ammonium  nitrate  /  polyurethane  composite  propellants.  All  the  compositions  were  formulated  with 
80  %  by  weight  of  solid  oxidant  mass  and  20  %  by  weight  of  bulk  (pre-polymer,  plasticizer  and 
curing  agent)  binder  system.  In  both  type  of  compositions  the  cases  0  %,  20  %,  40  %  and  60  %  of 
non-stabilized  ammonium  nitrate  weight  content,  of  the  total  solid  mass,  were  studied. 

The  experimental  apparatus  used  in  this  work  for  the  measurement  of  ignition  delays  of  the 
propellants,  in  ambient  air  and  at  atmospheric  pressure,  was  composed  of  an  electrical  furnace,  a 
pneumatic  system  for  rapid  introduction  of  the  propellant  samples  and  peripheral  devices  allowing 
real  time  control  of  the  process  and  data  acquisition. 

The  results  obtained  showed  that  increasing  non-stabilized  ammonium  nitrate  content  caused  shorter 
values  of  the  ignition  delay.  Further  interpretation  of  the  experimental  data  was  made  assuming  a 
first  order  rate  controlling  reaction,  with  constant  reactants’  consumption  during  the  pre-ignition 
period.  As  the  calculated  values  of  the  activation  energy  in  the  lower  temperature  range  were  always 
lower  than  those  obtained  for  the  higher  experimental  temperature,  this  type  of  evolution  indicated 
that  the  ignition  mechanism  of  this  type  of  composite  propellants  could  be  described  in  two 
independent  phases,  corresponding  Phase  I  to  the  occurrence  of  heterogeneous  ignition  reactions 
while  homogeneous  gas  phase  ignition  reactions  were  characteristic  of  Phase  II.  The  transition 
temperatures  between  Phases  I  and  II  were  calculated.  The  results  obtained  demonstrate  clearly  that 
partial  substitution  of  ammonium  perchlorate  by  non-stabilized  ammonium  nitrate  in  the  propellants’ 
formulation  shifts  the  transition  temperature  to  lower  levels,  increasing  in  this  way  the  domain  of 
occurrence  of  homogeneous  ignition. 


1  -  INTRODUCTION 

Significant  efforts  are  been  undertaken  in  the  field  of  rocket  propulsion  aimed  at  the  development  of 
a  new  generation  of  less  polluting  propellants,  with  low  signature  and  reduced  sensitivity  to  shock 
and  thermal  stimuli.  In  fact,  the  exhaust  gases  resulting  fi-om  the  combustion  of  composite 
ammonium  perchlorate-based  propellants  include  a  large  amount  of  hydrogen  chloride,  as  well  as 
some  other  chlorine  components,  which  are  the  main  source  of  high  levels  of  toxicity  for  most  living 
forms,  and  of  equipment  corrosion  damages  [1],  Furthermore,  the  formation  of  hydrochloric  acid,  by 
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combination  of  hydrogen  chloride  with  atmospheric  water  vapour,  is  the  ori^  of  visible  and  ii^ared 
optically  dense  secondary  smoke,  which  is  a  major  disadvantage  for  military  applications  [2].  Partial 
substitution  of  ammonium  pa'chlorate  (AP)  by  non-stabilized  ammonium  nitrate  (NSAN)  as  oxidizer 
component  in  composite  propellants  is  one  of  the  possibilities  which  has  been  uiwler  study  for  some 
time  at  the  Laboratory  of  Energetic  and  Detonic  [3-4],  The  use  of  non-stabilized  ammonium  nitrate 
is  not  free  of  problems,  namely  the  contribution  to  the  depletion  of  the  ozone  layer  by  the  formation 
of  NOx  compounds,  its  high  hygroscopicity,  the  existence  of  crystalline  phase  transiticms  with 
important  volume  changes,  and  the  low  of  NSAN/Ineit  Binder  composite  propellants. 
Nevertheless,  one  must  consider  that  the  absence  of  chlorine  in  NSAN  composition  and  its  low 
sensitivity  to  impact  and  friction  make  this  component  an  attractive  oxidize  candidate  for  those 
applications  where  increased  insensitivity  and  a  significant  reduction  of  the  emission  of  acid 
compounds,  specially  HCl,  is  of  concern  and  high  specific  impulse  is  not  a  detoimnant  parameter. 
This  work  concerns  the  ignition  diaracteristics  of  AP/NSAN/Hydroxyl  terminated  polybutadiote 
(HTPB)  and  AP/NSAN/  Polyurethane  (PU)  composite  propellants.  Several  comporitions,  with 
increasing  NSAN  cont^t,  were  submitted  to  constant  heating,  in  ambi^t  air  and  at  atmospheric 
pressure,  until  ignition  occurred.  The  analysis  of  the  ignition  delays,  as  a  function  of  temperature  and 
NSAN  content,  provided  additional  evidaice  of  the  existence  of  two  alternative,  temperature- 
-dependent,  rate  determining  mechanisms,  characterised  by  differ^t  activation  energy  and  P  factor, 
whose  characteristic  values  were  calculated,  as  well  as  the  transition  temperatiu-es.  The  results  dso 
explained  the  fundamental  role  of  the  thermal  degradation  of  NSAN  in  the  ignition  of  this  type  of 
propellants. 


2  -  EXPERIMENTAL 


Propellants  Test  Samples  >  Compositioii  and  Preparation 

All  the  compositions  were  formulated  with  80  %  by  weight  of  solid  oxidant  charge  and  20  %  weight 
of  bulk  (pre-polymer,  plasticizer  and  curing  agent)  binder  system.  In  both  AP/NSAN/HTPB  and 
AP/NSAN/PU  propell^ts,  the  cases  0  %,  20  %,  40  %  and  60  %  of  non-stabilized  ammonium  nitrate 
by  weight,  of  the  solid  oxidant  mass  total  weight,  were  studied  (Table  1). 


Table  1 

Weight  Composition  of  the  Propellants 


PROPELLANT 

COMPOSITION  (%  wt) 

B1 

80AP/20PU 

B2 

64  AP/  16NSAN/20PU 

B3 

48  AP/32NSAN/20PU 

B4 

32AP/48NSAN/20PU 

80  AP  /  20  (HTPB  +  IPDI  +  DO  A) 

64  AP  /  1 6  AN  /  20  (HTPB  +  IPDI  +  DO  A) 

48  AP  /  32  AN  /  20  (HTPB  +  IPDI  +  DOA) 

1  C4 

32  AP  /48  AN/20  (HTPB  +  IPDI  +  DOA) 

Compositions  containing  only  AP  were  bimodal  with  a  50  %  fine/coarse  weight  proportion  of  the  AP 
particles,  but  in  the  formulations  including  NSAN  the  con^sitions  used  were  trimodal,  with  the 
same  fine/coarse  AP  weight  composition  (Table  2). 
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Table  2 

Particle  Sizes  Used  in  the  Formulations 


AP  fine 

45  <  d^p  <  90  (im  I 

AP  coarse 

NSAN 

150  <  dNSAN  ^  ISO  jim  | 

The  particle  size  distribution  curves  of  both  oxidizers  were  established  by  Laser  Diffraction 
Spectrometry.  The  particle  sizes  presented  in  Table  2  were  obtained  by  sieving  and  the  material  was 
kept  at  333  ±  5  K  and  11  ±2%  relative  humidity  for  the  propellants  formulations.  Two  different 
polymers,  hydroxyl  terminated  polybutadiene  (HTPB  R45),  from  France  Elf  Atochem,  and 
polyurethane  (PU),  from  CPB  Portugal,  were  used  as  binders.  The  propellants  were  obtained  by 
mixing  under  vacuum  at  333  K  in  an  anchor  blade  type  mixer,  cast  in  small  boxes  (50  mm  x  50  mm  x 
30  mm)  and  cured  at  333  K  for  5  days.  Slice-like  strands  were  cut  from  the  cured  propeUant  blocks 
and  its  uniformity  was  verified  by  optical  microscopy  and  bulk  density  measurements  of  the  various 
strands. 

The  test  samples  cut  from  the  strands  had  the  form  of  circular  pellets  10  mm  in  diameter  and  0.8  mm 
thick.  In  order  to  reduce  possible  ignition  spots,  which  would  increase  data  scatter,  the  surface  of  the 
samples  was  rubbed  with  fine  emery  paper  and  brushed  in  order  to  dust  out  any  loose  particles.  The 
test  samples  were  conditioned  at  298  ±  2  K  and  1 1  ±  2  %  relative  humidity  before  testing. 


Experimental  Set-up 

Strong  differences  of  opinion  exist  about  the  ideal  set-up  for  ignition  delay  studies  of  solid 
propellants  [5,  6].  Nevertheless,  the  simplest  and  most  reliable  systems,  like  the  hot  plate  and  the 
electrical  furnace,  are  still  used  in  the  majority  of  large  scale  applications,  even  if  the  results  obtained 
are  often  believed  to  be  limited  to  comparative  purposes.  In  fact,  due  to  the  good  reproducibility  of 
testing  conditions,  a  large  amount  of  information  can  be  iirferred  from  the  results  obtained. 

The  experimental  apparatus  (Figure  1)  used  in  this  work  for  the  measurement  of  ignition  delays  of 
the  propellants,  in  ambient  air  and  at  atmospheric  pressure,  is  essentially  composed  of  an  electrical 
ftimace,  a  pneumatic  system  for  rapid  introduction  of  the  propellant  samples,  and  peripheral  devices 
allowing  real  time  control  of  the  process  and  data  acquisition.  The  ftimace,  composed  of  a  ceramic 
cylindrical  ignition  chamber,  115  mm  long  and  65  mm  in  diameter,  heated  by  a  650  Watt  electrical 
element  and  externally  isolated  with  ceramic  fibre,  has  a  maximum  temperature  of  1573  K.  The 
temperature  of  the  ignition  chamber  is  controlled  by  a  PID  temperature  controller  associated  with  a 
Chromel-Alumel  thermocouple. 

The  possibility  of  the  non-uniformity  of  the  superficial  temperature  of  the  test  samples,  due  to  natural 
convective  flows  and  possible  influence  of  the  furnace  end  opening  on  radiation  reaching  the  upper 
surface  of  the  pellet,  was  considered. 

In  previous  studies  performed  with  similar  equipment  and  similar  test  samples,  it  has  been 
demonstrated  that,  with  regard  to  natural  convection,  the  heat  transfer  coefficient  at  a  given  pressure 
scarcely  varies  in  approximately  200  K  temperature  intervals,  and,  therefore,  the  consideration  of 
global  heat  transfer  and  mean  surface  temperature  introduces  very  little  error  [7],  The  fact  that  the 
solid  angle  defined  by  the  furnace  end  opening  and  the  test  pellet  was  very  small  led  to  the 
assumption  that  the  radiation  losses  could  be  assumed  to  be  negligible  in  the  total  surface  heating. 
Nevertheless,  and  in  order  to  verify  temperature  uniformity,  axial  and  radial  measurements  of  the 
temperature  inside  the  furnace  were  made  using  a  K-type  thermocouple  that  was  displaced  one 
millimeter  between  measurements 

The  results  of  the  calibration  (Figure  2)  allowed  the  determination  of  a  cylindrical  test  zone  (10  mm 
high  and  20  mm  in  diameter),  where  the  maximum  axial  and  radial  temperature  gradients  proved  to 
be  always  lower  than  0.05  %  of  the  lower  test  temperature  (ATrad  max  =  3  5  K  and  ATax  max  “  ^ 
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Figure  3.  Schematic  representation  of  the  furnace  and  location  of  the  test  zone. 


The  electrical  output  of  the  control  and  measuring  thermocouples  was  amplified  by  an  AD595 AQ  RS 
Data  Control  K-type  thermocouple  amplifier,  with  cold  junction  compensation,  and  registered  by  a 
Tektronix  320  TDS  oscilloscope  which  allows  a  maximum  sample-rate  of  500  MSamples/s.  Specific 
software  is  used  to  transfer  all  the  data  to  a  personal  computer  for  further  analysis. 


Figure  4.  Position  of  the  thermocouple  in  the  test  sample 


Time  Response  of  the  Equipment 

Calibration  tests  were  performed  in  order  to  measure  the  time  response  of  the  measuring  equipment. 
At,  which  should  be  deducted  fi-om  the  experimental  ignition  delay  measurements; 

At  =  6ti+6t2  (2.1) 

6ti  and  6t2  are,  respectively,  the  mechanical  time  of  injection  of  the  test  sample  inside  the  furnace, 
and  the  time  delay  characteristic  of  the  measuring  chain. 


As  the  operation  of  the  pneumatic  system  was  made  by  actuation  on  an  electric  valve  and  the  same 
input  voltage  was  used  to  trigger  the  oscilloscope  (Figure  1),  the  calibration  tests  were  executed 
injecting  the  thermocouple  into  several  pure  molten  substances  (paraffin,  mnmomum  nitrate,  and 
lead)  and  boiling  bi-distilled  water.  The  moment  of  contact  of  the  thermocouple  with  the  free  surface 
of  the  standard  substances  was  clearly  defined  by  a  very  sharp  rise  of  the  temperature  mealed  by 
the  thermocouple  (Figure  5).  A  series  of  five  runs  was  executed  for  each  standard  substance.  The 
results  obtained,  with  an  acquisition  rate  of  500  Samples/s,  allowed  the  determination  of  tl^ 
mechanical  injection  time  6tj  =  38  ±  2  ms. 

The  time  delay  of  the  measuring  chain,  6t2,  was  identified  as  the  time  interval  betwe^  the  moment  of 
contact  of  the  thermocouple  with  the  free  surface  of  the  standard  substtuKes  (to)  and  the  momait 
when  the  temperature  measured  by  the  thermocouple  was  95  %  of  the  characteristic  phase  change 
temperature  of  the  substance  (tf),  with  the  final  value  of  6t2  the  arithmetic  mean  of  the  reailts 
obtained  in  each  case  (Figure  6). 

This  procedure  proved  that  the  6t2(T)  evolution  was  linear  and  could  be  represented  by  the  equation: 

6t2  =  53.189- 0.049  T  (ms)  (2.2) 


Figure  5.  Thermocouple  output  of  a 
calibration  test. 


IK)T 


Figure  6.  Evolution  of6t2,  as  a 

function  of  temperature. 


Ignition  Tests 

The  measurement  of  the  ignition  delays  of  the  formulations  shown  in  Table  1  were  made  in  the 
temperature  range  600  K  -  1100  K.  The  procedure  to  obtain  ignition  delay  data  starts  with  the 
radial  displacement  of  the  injection  system,  followed  by  the  heating  period  of  the  igrution  chamber  up 
to  the  desired  temperature.  The  measuring  thermocouple  was  threaded  through  the  sample  and  the 
pellet  was  positioned  on  the  support  wire.  Once  thermal  equilibrium  inside  the  fiimace  was  attained, 
the  injection  cylinder  was  displaced  to  the  furnace  axis  and  the  propellant  sample  was  injected  into 
the  measuring  zone,  until  igmtion  occurred.  The  obtained  data  were  transferred  to  a  personal 
computer  for  further  analysis. 


Befloition  of  the  Instant  of  Ignition 

The  occurrence  of  a  very  fast  increase  in  the  tonperature  of  the  propellant  sample  is  a  common 
criterion  for  the  determination  of  the  igmtion  dday  wh^  thermocouples  are  used  as  measuru^ 
devices.  In  this  work,  a  supplementary  condition  has  been  introduced,  in  order  to  add  to  the 
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information  concerning  the  influence  of  partial  substitution  of  ammonium  perchlorate  by  non- 
-stabilized  ammonium  nitrate  on  the  ignition  delay  of  the  composite  propellants. 

As  the  temperature  of  thermal  degradation  of  NS  AN  (443  K)  is  significantly  lower  than  the 
correspondent  for  AP  (713  K),  and  in  agreement  with  several  authors  who  refer  to  be  the  ignition 
delay  of  composite  propellants  controlled  by  the  thermal  degradation  of  the  oxidizer,  the  ignition 
instant  of  the  sample  was  determined  by  the  simultaneous  obtainment  of  a  sharp  rise  of  the  output  of 
the  measuring  thermocouple  and  a  minimum  surface  temperature,  Tg  >  where  Tm^^g^  is 

the  melting  temperature  of  NS  AN  [8], 


Figure  7.  Output  of  the  measuring  and  control  thermocouples. 


3  -  RESULTS  OBTAINED  AND  THEORETICAL  ANALYSIS 

The  ignition  delay  data  obtained  for  the  propellants  are  plotted  in  Figure  8.  The  ignition  delays,  as  a 
function  of  temperature,  were  calculated  using  the  equation; 

ti(T)  =  Atexp(T)-6t,-6t2(T)  (3.1) 

where  At^xp  represents  the  time  interval  between  the  injection  instant  (to)  and  the  moment  of  ignition 
(tfi).  The  results  presented  are  the  arithmetic  mean  of  the  10  closest  values  obtained  for  each 
formulation,  within  ±  3  %  reproducibility,  at  each  temperature  level. 

In  a  first  analysis  it  can  be  observed  that,  as  expected,  the  ignition  delay,  Xj,  of  all  the  tested 
propellants  increases  with  decreasing  temperature  levels.  Furthermore,  the  results  obtained  show  the 
dependence  of  the  ignition  delay  on  the  type  of  binder  used  in  the  formulations.  In  fact,  for  the  same 
experimental  conditions,  the  Xi(T)  values  for  any  given  AP/NSAN/PU  propellant  are  always  shorter 
than  the  corresponding  AP/NSAN/HTPB  formulation. 

Considering  the  effect  of  the  oxidizer  composition  alone,  it  is  also  apparent  fi^om  Figure  8  that 
increasing  non-stabilized  ammonium  nitrate  content  causes  shorter  values  of  Xj,  for  the  same 
temperature  levels. 

Further  interpretation  of  the  experimental  data  was  made  considering  a  bulk  analysis  of  the  ignition 
phenomenon,  that  is,  assuming  a  first  order  rate  controlling  reaction,  with  constant  reactants” 
consumption  during  the  pre-ignition  period  [9].  The  reaction  rate  can  thus  be  correlated  by  an 
Arrhenius  law; 
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where  [X]  represent  the  reactants’  concentration,  K  the  Arrhenius  pre-exponential  factor,  T  the 
temperature  of  the  measuring  zone  and  E  the  activation  energy  of  i^tion.  Based  on  the  simple 
assumption  that  the  ignition  delay  is,  in  a  first  analysis,  inversely  proportional  to  d[X]/dt,  Xj  can  be 
expressed  by 


Xi=pe*^T  (3.3) 

where  p  is  a  constant  related  to  the  pre-exponential  Arrhenius  constant,  for  each  formulation.  A  In  xj 
vs.  1/T  plot  will  thus  originate  a  straight  line  expressed  by  the  equation: 

lnT,=lnp+-^  (3.4) 


IK)  T 


IK]  T 


Figure  8.  Ignition  delay  of  the  propellants  as  a  function  of  composition  and  temperature. 


The  application  of  this  type  of  analysis  to  the  experimental  results  showed  that,  in  all  formulations, 
the  evolution  of  In  Xj  =  In  Xj  (1/T)  presented  in  fact  a  discontinuity  and  could  be  broken  down  into 
two  linear  Phases  (Figure  9),  with  diJfferent  values  for  the  activation  energy  and  p  factor. 

As  the  calculated  values  of  the  activation  energy  for  Phase  I  of  the  evolution  In  Xj  =  In  Xj  (1/T)  are 
always  lower  than  those  of  Phase  II  (Table  3),  and  keeping  in  nund  that  homogeneous  gas  phase 
reactions  generally  occur  at  higher  temperature,  with  high  levds  of  activation  energy,  whereas 
heterogeneous  reactions,  with  lower  activation  energy,  predominate  at  lower  temperature,  this  type 
of  evolution  seems  to  indicate  that  the  ignition  mechanism  of  AP/NSAN/HTPB  and  AP/NSAN^U 
composite  propellants  is  strongly  dependent  on  the  heating  rate,  representing  Phase  I  the  occurrence 
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Figure  9,  Evolution  of  In  Xj  (1/T).  Definition  of  Phases  I  and  11. 


of  heterogeneous  ignition  reactions  while  homogeneous  gas  phase  ignition  reactions  are 
characteristic  of  Phase  n  [9,  10]. 

The  transition  temperatures  (T^i^)  between  Phases  I  and  II  were  calculated,  solving  the  system  of 
equations  formed  by  the  polynomial  regression  of  the  experimental  results,  identified  as  belonging  to 
each  phase.  The  results  obtained  (Table  3)  clearly  show  that  partial  substitution  of  ammonium 
perchlorate  with  non-stabilized  ammonium  nitrate  in  the  propellants'  formulation  shifts  the  transition 
temperature  to  lower  levels,  increasing  in  this  way  the  domain  of  occurrence  of  homogeneous 
ignition. 


Table  3 

Calculated  Values  of  E  and  p  for  Phases  I  and  II  and  Transition  Temperatures  Between 
Heterogeneous  and  Homogeneous  Ignition  Mechanisms 


PROPELLANT 

(kJ  mol*^) 

Pi 

(s)  ^ 

En  , 

(kJ  mol-l) 

Pn 

(S)  , 

Tir 

(K) 

B1 

28.6 

1.58*10"A 

44.8 

1.49*10-^ 

825 

B2 

17.2 

8.98*10-1 

42.9 

1.66*10-2 

776 

B3 

17.8 

7.36*10-1 

43.1 

1.54*10-2 

786 

B4 

18.3 

6.29*10-1 

47.2 

0.81*10-2 

799 

Cl 

33.6 

0.86*10-1 

43.3 

1.90*10-2 

767 

C2 

24.6 

3.59*10-1 

41.8 

2.07*10-2 

726 

C3 

14.2 

1.96 

44.4 

1.77*10-2 

727 

C4 

13.6 

2.05 

47.0 

0.85*10-2 

730 

The  values  of  the  activation  energy  and  of  the  experimental  factor  p  are  also  affected  by  the  presence 
of  NS  AN  (Table  3).  In  fact,  for  both  types  of  composite  propellants,  the  calculated  values  present  a 
significant  decrease  of  E  values  of  Phase  I  while  p|  factors  are  increased.  A  similar  analysis  of  the 
results  obtained  for  Phase  n  shows  that,  after  an  initial  slight  reduction  of  Eji  due  to  the  presence  of 
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NS  AN,  the  values  of  this  parameter  increase,  becoming  superior  to  the  correspondent  of  the 
formulation  with  AP  only. 

This  same  type  of  evolution  can  be  observed  for  the  pjj  factor  where  values  decrease,  after  a 
minimum  value  for  formulations  containing  20  %  NSAN,  becoming  inf^ior  to  the  Pu  of  the 
formulation  with  AP  only. 


4  -  SYNTHESIS  AND  CONCLUSIONS 

AP/NSAN/HTPB  and  AP/NSAN/PU  propellants  ccmtaining  0  %  to  60  %  of  non-stabihzed 
ammonium  nitrate  by  weight  were  submitted  to  radiative  heating,  in  air  and  at  atmo^heric  pressure, 
until  ignition  occurred  and  their  ignition  delays  measured  as  a  function  of  temperature.  The  results 
obtained  in  this  work  showed  that  non-stabiUzed  ammonium  nitrate  plays  an  important  role  in  the 
ignition  of  AP/NSAN/HTPB  and  AP/NSAN/PU  composite  propeUants. 

The  experimental  results,  which  confirmed,  as  expected,  that  the  ignition  delays  of  the  formulations 
increase  with  decreasing  temperature  levels,  have  also  ^wn  that  increasing  non-stal^ed 
ammonium  nitrate  content  results  in  shorter  values  of  tj.  Furthermore,  the  expaimental  results 
obtained  also  indicated  that  for  the  same  experim^tal  conditions,  the  Xi(T)  values  for  any  given 
AP/NSAN/PU  propellant  are  always  shorter  than  those  of  the  corresponding  AP/NSAN/HTPB 
formulation.  A  theoretical  analysis  of  the  experimental  results,  based  in  a  first  ord^  Arrhenius 
reaction,  showed  that  the  evolution  In  ti  =  In  tj  (1/T)  could  be  broken  down  into  two  linear  phases 
with  values  of  the  activation  energy  in  the  lower  tempmture  interval  (Phase  I)  dways  lower  than 
those  obtained  for  the  high^  heating  rates  (Phase  II).  This  bdiaviour  indicates  that  the  propdlairts 
can  ignite  heterogeneously  or  homogeneously,  depending  on  the  tempa*ature  level. 

The  calculated  values  of  E,  T^j  and  p  present  a  similar  evolution,  with  an  infiection  point.  E  and  T^j- 
are  minimum  for  formulations  containing  20  %  NSAN,  while  P  attains  its  maximum  value  for  these 
formulations. 

The  transition  temperatures  between  heterogeneous  (Phase  I)  and  homogeneous  (Phase  II)  ignition 
were  calculated.  The  results  obtained  for  both  types  of  propellants,  776  K  <  T^^g  <  825  K  and 
726  K  <  <  767  K  showed  that  the  partial  ^bstitution  of  AP  with  NSAN  shifts  the  inferior  limit 

of  occurrence  of  homogeneous  i^iition  to  lower  temperature  levels. 
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ABSTRACT:  Multichannel  absorption  spectroscopy  has  been  developed  and  used  to  non-intrusively 
probe  the  hostile  environment  of  solid  propellant  combustion.  A  windowed  pressure  vessel,  broadband 
light  source,  and  a  spectrometer-array  detector  system  are  the  major  components  of  the  experiment.  Gas 
phase  absorption  spectra  obtained  during  the  steady-state  combustion  of  double-base  and  nitramine 
propellants  can  be  analyzed  to  determine  temperature  and  absolute  concentration  profiles.  The  analysis 
requires  only  fiindamental  spectroscopic  data  incorporated  into  the  differential  absorption  law. 

Ultraviolet-visible  sensitive  multichannel  detectors  have  been  used  to  obtain  absorption  spectra  of  NO, 
OH,  NH,  and  CN  during  the  combustion  of  solid  propellants  and  their  ingredients.  Focus  has  been 
primarily  on  the  propellant  dark  zone  with  simultaneous  tracking  capability  for  NO  and  OH.  Vibrationally 
resolved  transitions  in  the  A^S-X^  electronic  system  of  NO  aUow  determination  of  temperature  and 
absolute  NO  concentration.  Rotationally  resolved  transitions  in  the  A^2-X^(0,0)  vibrational  band  system 
of  OH  allow  determination  of  OH  concentration  and  luminous  flame  temperature.  An  infrared-sensitive 
multichannel  detector  has  been  used  to  obtain  rotational-vibrational  absorption  spectra  for  CO,  HCN, 
H2O,  CO2,  N2O,  and  CH4  in  the  dark-zone  region.  Substantial  HCN  concentrations  occur  in  the  dark  zone 
of  nitramine  propellants,  but  not  in  the  dark  zone  of  double  base  propellants.  Dark-zone  temperatures 
derived  from  fitting  the  infrared  absorption  spectra  of  HCN  and  H2O  are  in  good  agreement  with  those 
obtained  from  fitting  NO  in  the  ultraviolet  region.  Concentrations  of  these  infrared  active  species  have 
been  determined. 

Multichannel  absorption  spectroscopy,  along  with  other  experimental  diagnostic  techniques  such  as 
microprobe  mass  spectrometry,  FT-IR  spectroscopy  and  use  of  thermocouples,  have  greatly 
expanded  the  propellant  database  for  quantitative  gas-phase  composition  and  temperature  profiles. 
This  information  is  presently  being  used  to  refine  reduced  reaction  mechanisms  for  propellant  dark- 
zone  chemistry  as  well  as  to  validate  models  of  solid  propellant  combustion. 


INTRODUCTION 

One  of  the  oldest  optical  techniques  is  absorption  spectroscopy,  having  its  beginnings  in  the  18th  century, 
where  changes  in  light  intensity  with  absorber  thickness  were  being  observed.  However,  the  application  of 
this  technique  for  quantitative  combustion  diagnostic  information  requires  a  quantum  mechanical 
formalism  and  molecule-specific  information  which  has  been  mostly  devefoped  and  accumulated  in  this 
century.  On  the  experimental  side,  development  of  the  multichannel  array  detectors  over  the  last  twenty 
years  has  made  absorption  spectroscopy  useful  for  time-constrained  experiments  such  as  solid  propellant 
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Figure  1.  Sketch  of  the  propellant  flame  structure  showing  the  fizz  zone,  dark  zone  and  a 
representative  temperature  profile.  The  sharp  temperature  breaks  indicate  the  reaction  stages. 


flames.  Photodiode  arrays  or  charge  coupled  devices  connected  to  spectrometers  enable  simultaneous 
sampling  of  preselected  wavelength  regions.  Moreover,  absorption  changes  within  these  regions  can 
be  recorded  and  updated  on  a  millisecond  time  scale.  Different  multichannel  detectors  are  available 
which  cover  the  wavelength  range  from  the  ultraviolet  (uv)  to  the  infrared  (ir)  and  thus  can  be  used 
to  monitor  gas  phase  molecules  by  their  electronic  or  vibrational  transitions. 

Before  going  further,  a  brief  description  of  the  gas  phase  structure  of  double-base  and  nitramine  solid 
propellant  flames  is  in  order.  Many  of  these  propellants  (M9,  JA2,  DBl,  DB2  and  XM39,  see  Table 
A  for  composition)  exhibit  two  flame  stages  in  the  gas  phase  which  are  separated  at  low  pressure  by  a 
visually  distinct  ‘‘dark  zone”.  A  simple  sketch  of  this  structure  and  associated  temperature  profile  is 
shown  in  Fig.  1.  The  length  of  this  zone  increases  with  decreasing  pressure  and  for  sufficiently  low 
pressure  (^1  MPa)  the  second  stage  luminous  flame  may  not  appear.  At  atmospheric  pressure  these 
propellants  do  not  bum  in  an  inert  environment.  At  high  pressure,  the  two  stages  merge  into  one. 
Typical  surface  temperatures  range  from  about  500  to  700  K  depending  upon  propellant.  There  is  an 
abrupt  rise  in  temperature  in  the  first  combustion  stage  (fizz  zone  or  primary  reaction  zone). 
Although  this  region  is  of  small  spatial  extent  (  less  than  1  mm  at  1  MPa)  much  of  the  chemistry 
occurs  here.  The  condensed  phase  evaporates  and/or  decomposes  to  produce  fuels  and  oxidizers 
where  NO2  is  the  primary  oxidizer  for  double-base  propellants.  For  nitramines,  the  primary  oxidizers 
are  NO2  and  N2O.  Reactions  of  these  oxidizers  with  fuels  elevate  the  temperatures  to  the  1150  to 
1600  K  range  in  the  dark  zone.  These  values  are  dependent  on  propellant  composition  and  pressure. 
These  propellants  bum  fuel  rich  and  under  such  conditions  important  early  reactions^  in  the 
conversion  of  NO2  and  N2O  are 


NO2  +  H  NO  +  OH  and 
N2O  +  H  ^  N2  +  OH. 

Substantial  concentrations  of  the  intermediate  species  NO  and,  in  the  case  of  nitramine  propellants, 
HCN  fuel  are  present  in  the  dark  zone  region  suggesting  that  their  low  reactivity  is  responsible  for  its 
formation.  In  this  region,  temperature  and  species  concentration  gradients  are  much  smaller  than  in 
either  the  first  or  second  stage  of  reaction.  In  other  words,  experimental  spatial  resolution 
requirements  are  relaxed.  After  a  certain  distance  (induction  time),  the  temperature  and  dark-zone 
species  again  change  rapidly  in  what  is  called  the  second  stage  of  reaction.  Here,  NO  and  HCN  are 
converted  to  final  products  and  the  temperature  increases  to  the  adiabatic  flame  temperature.  A 
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luminous  region  is  formed  Species  concentrations  in  this  region  should  agree  with  those  predicted 
from  adiabatic  thermochemical  equilibrium  calculations.  In  contrast,  some  nitramine  propellants  bum 
without  a  dark  zone  and  a  common  triple>base  propellant  M30  also  bums  with  no  dark  zone.  It  is 
not  known  with  certainty  the  mechanisms  which  cause  the  elimination  of  the  dark  zone.  For 
propellants  with  NO2/N2O  as  the  primary  oxidizers,  increased  formation  of  the  N2O  oxidizer  could 
reduce  the  extent  of  the  zone.  Production  of  species  which  are  highly  reactive  with  NO  may  also 
remove  this  zone.  For  M30,  the  nitroguanidine  ingredient  may  produce  sufficient  NH,  species^  to 
accelerate  the  conversion  of  NO  to  N2.  Some  of  our  early  studies  involved  attempts  to  measure  NH 
profiles  in  M30.  Later  studies  concentrated  on  the  dark  zone  where  the  spatial  gradients  are  much 
smaller. 

A  paper  by  Lempert^  stimulated  our  development  of  multichannel  absorption  spectroscopy  for  the 
purpose  of  studying  the  flame  structure  of  solid  propellants.  These  investigations  have  been  ongoing 
for  the  last  eight  years.  Advantages  of  the  technique  are  that  it  can  be  applied  in-situ  and  is  non- 
intrusive.  Moreover,  the  technique  is  applicable  within  the  time  frames  of  interest  for  these  steady- 
state>combustion  experiments  and  quantitative  information  can  be  derived  from  the  resultant  spectra. 
A  disadvantage  of  the  absorption  technique  is  that  it  is  useful  only  where  line-of-sight  measurements 
are  meaningful.  Additionally,  absorption  cannot  detect  H2  and  N2. 

Initial,  self-sustained,  steady-state  propellant  combustion  studies  were  aimed  at  determining  the 
temperature  and  absolute  concentration  profiles  of  the  diatomic  species  OH,  NH  and  CN^'^  in 
propellants  without  a  dark  zone  (M30  and  HMXl).  Here,  the  entire  NH  and  CN  intermediate 
species  profiles  peak  and  decay  over  a  distance  of  about  1  mm  or  less  and  while  the  OH  species  peaks 
within  this  small  distance,  easily  measurable  equilibrium  concentrations  are  continued  where  the 
propellant  flame  temperature  is  above  about  2300  K.  Further  studies  on  NH  and  CN  were  not 
pursued  due  to  perceived  difficulties  with  maintaining  one-dimensional  flame  structure  to  a  precision 
necessary  for  probing  the  fizz  zone.  On  the  other  hand,  Parr  and  Hanson-Parr^*'^^  at  China  Lake  have 
profiled  NH,  CN,  OH,  NO,  NO2,  HONO  and  H2CO  while  performing  extensive  propellant  ingredient 
flame  structure  investigations  using  multichannel  absorption  spectroscopy  to  quantify  their  planar 
laser  induced  fluoresence  (PLIF)  work.  A  majority  of  these  studies  on  propellant  or  propellant 
ingredient  combustion  involved  laser  assistance  where  a  CO2  laser  is  kept  on  for  the  duration  of  the 
experiment.  Thus,  in  addition  to  providing  the  ignition  stimulus,  an  energy  flux  maintains 
combustion.  In  this  fashion,  combustion  of  propellants  can  be  made  to  occur  at  lower  pressures. 
These  laser  supported  studies  have  the  benefits  of  an  expanded  first  stage  combustion  region, 
improved  combustion  stability  and  improved  one-dimensionality  for  uniform  energy  flux  on  the 
combusting  surface.  An  important  aspect  of  laser-assisted  combustion  is  that  the  flame  structure  is 
different  than  self-sustained  combustion  and  these  differences  may  be  difficult  to  model. 

Subsequent  propellant  absorption  work  centered  on  the  dark  zone  where  spatial  resolution  requirements 
are  relaxed.  Temperature  and  NO  and  OH  concentration  profiles  were  obtained  fi'om  least-squares  fitting 
uv  absorption  spectra  of  NO  and  OH^^^^.  The  Penn  State  group  also  applied  multichannel  absorption 
spectroscopy  and  least-squares  fitting  to  OH  and  NO^^'*’  to  further  probe  flame  zone  structures  of  solid 
propellants.  Some  important  dark-zone  combustion  species  do  not  have  absorptions  easily  accessible  in 
the  uv-visible  region.  Therefore  an  infrared  sensitive  multichannel  detector  has  been  incorporated.  With 
this  detector,  infrared  absorption  spectra  have  been  experimentally  measured  and  then  simulated  to 
estimate  dark-zone  temperatures  and  concentrations  for  HCN,  H2O,  CH4,  CO  and  N20^’^^  More 
recently,  least  squares  fitting^  has  been  used  to  obtain  dark  zone  temperature  and  concentrations  for  HCN, 
H2O,  CH4,  CO,  CO2  and  N2O,  Details  are  given  later.  Related  work  in  this  spectral  regime  involves  the 
use  of  an  FTIR  technique  to  measure  absorption  spectra  during  self  deflagration  of  nitramine 
propellants.^*^  These  absorption  spectra  are  least-squares  analy2sed  to  determine  quantitative  dark  zone 
temperature  and  species  profiles. 
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An  application  of  these  experimental  measurements  has  been  to  advance  the  understanding  of  defiled 
chemical  processes  occurring  in  gun  propellant  combustion.  Current  gun  ballistic  codes  contain  no 
finite  rate  chemistry  for  combustion.  In  these  codes,  once  the  propellant  reaches  a  certain  surface 
temperature  there  is  instant  gasification  to  final  products  and  the  propellant  starts  burning  according 
to  r  «  p“  (r  is  the  bum  rate,  p  the  pressure  and  n  an  experimentally  determined  exponent).  >^liile  this 
approximation  works  well  over  most  of  the  pressure  range  of  the  ballistic  cycle,  it  is  a  poor 
approximation  in  the  low-pressure  region  {<-'2  MPa)  where  the  transition  from  i^ition  to  full 
combustion  occurs.  In  this  pressure  region,  anomolies  such  as  ignition  time  delays  arise  for  NO2 
oxidized  propellants  burning  as  a  two-stage  flame.  Quantitative  combustion  diagnostic  information 
(i.e.,  temperature  and  species  profiles,  burning  rates  and  dark-zone  lengths)  are  valuable  for 
developing  and  testing  chemical  mechanisms  that  adequately  describe  the  conversion  of  the  dark  zone 
mixture  to  final  products.  Reduced  chemical  mechanisms  that  describe  this  process  have  been 
recently  developed  for  double  base  and  nitramine  propellants.^ 


EXPERIMENTAL 

A  windowed  combustion  vessel  has  been  developed  to  provide  the  elevated-pressure  inert 
environment  for  conducting  self-deflagrating  propellant  flame  studies.  A  sketch  of  this  stainless  steel 
vessel  is  shown  in  cross-section  on  Fig.  2.  This  vessel  allows  for  a  constant  pressure  nitrogen  flow  to 


Figure  2.  Details  of  combustion  vessel  used  to  burn  solid  propellant  samples  in  an  inert  (nitrogen) 

environment  at  elevated  pressure. 
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act  as  a  shroud  around  the  cylindrical  propellant  sample.  This  flow  rate  has  been  set  with  an  exit 
orifice  to  be  ^  4  times  the  propellant  gasification  rate.  In  the  current  configuration,  the  vessel  has 
been  operated  over  a  pressure  range  from  0.1  to  2.0  MPa.  A  surge  tank  is  used  to  minimize  pressure 
fluctuations  of  ignition  and  combustion  transients  and  the  total  pressure  has  been  monitored  to  be 
constant  to  within  5%.  In  early  work,  a  hot  wire  was  used  to  point  ignite  the  top  end  of  the 
propellant  sample  at  the  centerline.  Unsatisfactory  aspects  of  this  technique  were  that  the  ignition 
wire  pulled  out  on  occasion  during  positioning,  the  remnant  wire  could  act  as  a  flame  holder  and  the 
burning  surface  of  the  propellant  retained  a  slightly  concave  hemispherical  shape.  A  zinc  selenide 
window  was  later  added  to  provide  optical  access  for  a  25-Watt  CO2  laser  ignition  source.  This 
added  feature  increased  the  success  rate  for  experiments  and  allowed  initial  ignition  to  occur  on  about 
a  0.3  cm  diameter  circle  on  the  propellant  surface.  While  improving  the  flatness  of  the  bum  some 
concavity  still  occurred  due  to  nonuniformity  of  the  ignition  source  over  the  complete  top  surface  as 
well  as  edge  cooling  from  the  flowing  shroud  gas.  A  bi-directional  propellant  feed  mechanism  has 
been  incorporated  into  the  experiment  to  perform  several  functions.  The  main  purpose  is  to  extend 
the  data  acquisition  time  by  advancing  the  propellant  sample  at  a  rate  close  to  the  propellant  bum 
rate.  Also,  this  mechanism  is  used  to  move  the  propellant  sample  below  the  light  beam  for  reference 
light  intensity  measurements  under  pressure.  Extender  arms,  made  to  position  the  optical  access 
windows  close  to  the  sample  and  pinhole,  minimize  the  pathlength  in  the  combustion  vessel.  For  the 
uv-visible  work  the  total  pathlength  in  the  combustion  vessel  is  about  twice  the  propellant  diameter. 
For  the  ir  work  the  pinhole  was  eliminated  and  the  pathlength  reduced  to  about  1.5  times  the 
propellant  diameter.  Some  of  the  recent  ir  work  reported  here  on  CO  and  N2O  overtones  describes  a 
technique  to  extend  the  pathlength  in  the  combustion  vessel  by  partially  gold  coating  the  sapphire 
optical  access  windows^^*. 

There  is  a  more  acute  concern  about  possible  pathlength  effects  for  the  ir  studies  than  the  uv-visible 
studies  for  the  following  reasons.  The  radical  species  NH,  CN  and  OH  will  only  exist  in  high 
temperature  combustion  regions  and  thus  are  limited  to  reside  above  the  combusting  surface  of  the 
sample  propellant.  There  also  exists  sufficiently  large  NO  concentrations  in  the  dark  zone  to  cause 
100  percent  absorption  of  light  from  ground  state  NO  molecules  and  thus  absorption  spectra  are 
obtained  for  two  vibrationally  excited  states.  These  excited  state  NO  molecules  are  only  expected  to 
occur  in  regions  of  elevated  temperature  (above  the  propellant  combusting  surface).  The  ir 
absorption  spectra,  on  the  other  hand,  are  obtained  from  ground  state  transitions  of  molecules  which 
can  be  present  at  room  temperature.  Hence,  it  is  important  to  minimize  the  population  of  these 
molecules  in  the  combustion  vessel  pathlength  outside  the  combustion  region. 

Top  views  of  the  optical  paths  for  absorption  and  video  are  shown  in  Fig.  3.  A  video  record  is  taken 
for  each  propellant  bum  experiment  where  bum  rates,  dark-zone  lengths  and  estimates  of  the  one- 
dimensionality  of  the  bum  can  be  determined.  The  uv-visible  experiment  is  shown  in  part  a  where  all 
the  optics  for  absorption  are  quartz,  A  500-Watt  cw  xenon  arc  lamp  with  close  electrode  spacing  is 
the  light  source.  Light  from  this  source  is  focussed  and  apertured  with  the  spatial  resolution  being  set 
by  either  a  0.1  or  0.2  mm  pinhole  in  close  proximity  to  the  propellant  sample.  Emission  interference 
signals  are  made  negligible  by  a  small  aperture  (A)  between  the  propellant  flame  and  the  detector.  A 
cylindrical  lens  focusses  the  apertured  light  to  a  line  on  the  entrance  slit  of  a  0.32-m  spectrometer 
(ISA  Model  HR-320).  The  wavelength  dispersed  light  is  detected  with  an  intensified  photodiode 
array  (I PDA)  consisting  of  1024  elements  in  a  line  (EG&G  PAR  Model  1420),  This  detector  is 
sensitive  over  a  wavelength  range  from  about  200  to  800  nm  and  can  capture  a  wavelength  range  of 
about  6  or  12  nm  depending  on  whether  the  spectrometer  with  a  2400  grooves/mm  grating  is 
operated  in  first  or  second  order.  Actually,  only  about  800  of  the  photodiodes  are  intensified  and  the 
wavelength  range  is  dispersed  among  these  photodiodes  with  an  element  to  element  spacing  of  0.025 
mm.  Second  order  operation,  with  a  spectral  resolution  of  0.03  nm,  requires  a  glass  filter  (F)  to 
eliminate  first  order  light.  Repetitive  spectra  were  obtained  at  rates  ^62  Hz  for  a  14-bit  dynamic 
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range.  After  acquisition,  the  absorption  data  are  digitized  and  stored  for  further  analysis.  When  it  is 
advantageous  to  monitor  two  or  more  significantly  different  spectral  regions  simultaneously,  the 
transmitted  beam  is  split  and  additional  spectrometer-IPDA  systems  added.  This  variation  has  been 
used  successfully  for  simultaneous  measurements  of  OH  and 

Modifications  for  obtaining  absorption  data  in  the  infrared  region  of  the  spectrum  are  shown  in  Fig. 
3b  and  discussed  in  more  detail  elsewhere^^  A  250-Watt  quartz-tungsten-halogen  (QTO)  lamp 
(Osram  HLX  64655)  was  used  as  the  li^t  source  and  chosen  for  its  stability  as  well  as  for  its  small 
filament  size  (7.0  x  3.5  mm).  Although  the  quartz  lamp  envelope  cuts  off  direct  radiation  fi-om  the 
filament  at  wavelengths  longer  than  about  3500  nm,  the  hot  envelope  acts  as  a  broad  band  emitter 
with  output  further  into  the  ir.  Very  recaitly^^,  a  silicon  caii)id€  Globar  inserted  into  a  flashlight 
reflector  has  been  used  for  improved  source  intensity  at  wavelengths  longer  than  3000  nm.  CaF2 


Figure  3.  Light  paths  for  the  multichannel  optical  absorption  experiments; 

(a)  uv-visible  and  video  and  (b)  ir. 

lenses  were  used  to  direct  the  light  into  the  combustion  vessel,  and  then  collect  and  focus  the 
transmitted  light  onto  the  entrance  slit  of  the  0.32-m  spectrometer.  Sapphire  windows  terminated  the 
extender  arms  and  provided  optical  access  into  the  combustion  vessel.  Spatial  resolution  is  controlled 
by  the  2.5-mm  inside  diameter  of  the  extender  arm  on  the  spectrometer  side  of  the  experiment. 
Again,  a  long  wavelength  pass  filter  (F)  was  used  to  remove  any  higher-order  light  as  well  as  any 
visible  emission  emanating  from  the  burning  propellant.  The  75  groove/mm  spectrometer  grating 
blazed  at  4000  nm  dispersed  about  a  1000-nm  wavelength  region  onto  1024  linear  elements  of  liquid 
nitrogen-cooled,  infrared-sensitive  platinum  silicide  detector  (Princeton  instruments  Model 
PtSi  -  1024).  These  detector  elements  have  a  0.025  mm  spacing  and  are  sensitive  over  a  wavelength 
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region  from  about  900  to  4500  nm.  When  operated  in  first  order  with  a  0.125-mm  entrance  slit  the 
system  has  a  spectral  resolution  of  about  7  nm.  Emission  from  the  propellant  flame  turned  out  to  be 
more  of  a  problem  in  the  ir  region  and  its  removal  was  necessary  for  obtaining  quantitative 
transmission  data.  A  fast  shutter  (S),  with  a  minimum  opening  time  of  1.8  ms  (Vincent  Associates 
Model  LS6),  was  placed  between  the  light  source  and  vessel  so  a  background  spectrum,  consisting  of 
the  background,  the  dark  charge,  and  any  emission  from  the  sample,  could  be  subtracted  from  the 
spectrum  of  transmitted  light.  With  this  arrangement  a  pair  of  spectra  (14-bit  dynamic  range) 
consisting  of  the  transmitted  light  spectrum  and  the  background  emission  spectrum  could  be  obtained 
in  31.5  ms.  When  possible,  propellant  samples  with  a  larger  diameter  (1.08  versus  0.65  cm)  were 
used  to  increase  the  ratio  of  the  sample  length  to  the  total  combustion  vessel  pathlength. 

A  typical  experimental  run  involves  the  following  sequence  of  events.  A  propellant  sample 
(cylindrical  with  diameters  of  0.65  or  1.08  cm  and  total  lengths  from  2  to  4  cm)  is  glued  to  the 
pushrod  of  the  propellant  feed  mechanism.  After  the  combustion  vessel  is  sealed  and  pressurized,  a 
reference  spectrum  (lo)  is  taken.  The  propellant  is  then  advanced  until  it  completely  blocks  the  light 
beam.  The  video  recording  system  is  turned  on  and  a  0.1-s  pulse  from  the  CO2  laser  ignites  the 
propellant  sample.  After  a  predetermined  time  the  propellant  feed  mechanism,  absorption  detector  and 
shutter  are  triggered  on.  As  the  propellant  bums  downward  in  a  cigarette  fashion,  the  light  beam 
becomes  unblocked  This  first  appearance  of  light  in  the  data  acquisition  cycle  marks  the  propellant 
surface  position. 


DATA  ANALYSIS 

A  nonlinear  least-squares  fitting  procedure  has  been  developed  to  extract  quantitative  species 
concentration  and  temperature  information  from  absorption  spectra  by  including  a  complete  segment 
of  data  in  the  fit.  Many  single  detector  techniques  extract  diagnostic  information  from  one  or  a  few 
isolated  absorption  lines.  Spectral  data  obtained  with  an  array  detector  can  include  many  lines  and 
consequently  a  full  spectrum  data  analysis  has  been  developed. 

Based  on  the  differential  absorption  law  for  parallel  light  of  frequency  v  traveling  in  the  +x  direction 
through  a  homogeneous  medium  with  absorption  coefficent  (ky  +bv),  the  intensity  of  the  incident 
beam  L,  is  attenuated  along  a  path  of  length  I  according  to 

I(v)  =  Ioexp[-kvl  -  byl]  ^  IoB(v)exp[-kvl]  (1) 

where  ky  refers  to  the  absorption  coefficient  of  the  molecule  of  interest  and  by  refers  to  all  the  other 
light  attenuating  processes  which  are  pathlength  dependent.  Sources  for  by  are  broadband  absorption 
of  light  from  other  molecules  and  scattering  from  particulates.  It  is  assumed  that  by  is  a  weak  function 
of  frequency  and  thus  is  approximated  by  a  multiplicative  factor,  B(v).  The  observed  shape  of  the 
experimental  baseline  is  used  to  determine  the  appropriate  form  of  B(v), 

Assuming  a  Boltzmann  distribution  of  states,  the  transmitted  intensity  of  a  group  of  lines  can  be 
written  as 


I(v)  =  I„B(v)exp{-(hvl/c)[N./Q(T)][£iBjgjexp(-Ei/kT)Pj(v)]},  (2) 


where  h  is  Planck’s  constant,  k  is  the  Boltzmann  constant,  T  is  the  temperature,  Bj  is  the  absolute 
Einstein  coefficient  for  absorption  for  the  jth  transition  in  energy  density  units,  gj  is  the  degeneracy  of 
the  jth  sublevel  and  Ej  its  energy.  N,  is  the  total  number  density,  Q(T)  is  the  partition  function  and  Pj 
is  the  transition  lineshape.  For  conditions  where  the  light  source  and  spectrometer  bandwidth  are 
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much  larger  than  the  width  of  a  typical  absorption  transition  Pj  is  approximated  with  a  delta  function^’ 
and  an  instrument  function  S(v,Vo),  centered  at  Vo  and  normalized  to  unit  area  is  introduced  to  give 

T  (Vo)  =  I/Io(Vo)  =  JS(v,Vo)I(v)dv,  (3) 

where  x,  the  integrated  light  transmitted  or  the  transmittance,  is  a  function  of  v®,  the  index  frequency 
of  the  diode  array  detector.  A  Lorentzian  lineshape  has  been  found  to  be  a  good  representation  of  the 
instrument  function  for  the  uv-visible  detector  and  a  Gaussian  lineshape  is  the  better  representation 
for  the  ir  detector.  When  applying  the  delta  function  approximation  for  the  transition  lineshape,  the 
above  integral  reduces  to  a  sum.  Equation  (3)  is  fitted  with  a  nonlinear,  multivariate,  least-squares- 
fitting  program  to  determine  optimum  values  of  temperature  and  species  concentration  for  given 
absorption  spectra.  This  program  was  written  in  Fortran  and  made  use  of  a  Levenberg-Marquardt 
algorithm.^’^^  The  time  to  fit  a  typical  spectrum  was  ^5  minutes  on  a  486/33  PC. 

Many  of  the  molecule  specific  parameters,  in  particular  the  partition  function,  for  the  species  studied 
come  from  Huber  and  Herzberg^®.  For  OH,  the  molecular  constants  come  from  fitting  the  data  of 
Diecke  and  Crosswhite^^  and  the  Einstein  coefficients  are  firom  Dimpfl  and  Kinsey^^  Ground  state 
constants  for  NO  are  from  Henry  et  al.^^  and  the  upper  state  constants  are  from  Engleman  and 
Rouse^^  The  radiative  lifetime  is  taken  from  McDermid  et  al.^^ 

The  HITRAN  database^  with  associated  PC  programs  has  been  used  to  synthetKaUy  simulate 
experimentally  obtained  ir  absorption  spectra^'^^  Recently^,  a  nonlinear,  multivariate,  least-squares- fitting 
program  using  a  Simplex  algorithm^^  has  been  written  for  use  within  the  Galactic  Industries’  GRAMS/386 
environment.  This  program  uses  transition  line  strengths  and  molecular  parameters  within  the  HITRAN 
database.  In  general,  best  values  are  obtained  for  species  concentratfon  and  temperature.  Some  ir  spectra 
did  not  have  suflScient  fidelity  to  fit  for  both  temperature  and  concentration.  In  these  cases  only  the  species 
concentration  was  fitted,  with  the  temperature  being  preset  to  a  value  determined  from  prior  fits  to  other 
molecules  having  more  spectral  detail  with  better  signal-to-noise  characteristics. 


RESULTS 

The  purpose  for  devetopment  of  this  absorption  technique  was  to  obtain  quantitative  species  and 
temperature  information  in  the  the  gas  phase  of  propellants  self-deflagrating  in  an  inert  environment. 
Examples  of  NO  and  OH  absorption  data,  taken  above  the  surface  of  a  double-base  propellant  (M9) 
burning  in  1.7  MPa  nitrogen  are  shown  on  Figs.  4  and  5,  respectively.  The  NO  spectrum,  taken  in  the  dark 
zone,  covers  a  wavelength  range  where  absorptions  from  the  (0,1)  and  (0,2)  vibrational  hot  bands  are 
observed  A  least-squares  fit  to  this  spectrum  involved  2079  possible  transitions  and  resulted  in  a  dark 
zone  temperature  of  1550  K  and  a  NO  mole  fraction  of  0.30.  These  values  are  consistent  with  other 
measurements^’  Sufficient  OH  density  for  reasonable  absorption  spectra  is  only  found  in  the  luminous 
flame  region  and  Fig.  5  represents  one  luminous  flame  spectrum.  A  least-squares  fit  of  this  rotationally 
resolved  spectrum  includes  128  transitfons  and  best  values  for  temperature  and  concentration  are  3100  K 
and  an  OH  mole  fraction  of  0.01.  This  temperature  is  in  good  agreement  with  the  adiabatic  flame 
temperature  and  the  OH  concentration  is  about  a  factor  of  two  lower  than  the  equilibrium  value.  During  a 
single  experiment  many  absorption  spectra,  such  as  shown  on  Figs.  4  and  5,  are  recorded  as  a  fiinctfon  of 
time.  A  concurrent  bum  rate  measurement  obtained  from  the  video  recording  aDows  conversbn  of  time  to 
a  distance  scale  and  a  temperature  profile  as  a  function  of  distance  from  the  M9  propellant  surfece  is  shown 
on  Fig.  6.  It  can  be  seen  that  the  temperature  is  relatively  constant  out  to  about  0.4  cm  (the  dark  zone 
length)  and  abruptly  rises  to  the  adiabatic  temperature  in  the  luminous  flame.  The  dashed  line  indicating  the 
3028  K  adiabatic  flame  temperature.  Regbns  of  double  values  for  the  temperature  result  from  movement 
of  the  luminous  flame.  From  these  type  of  experiments,  bum  rates,  dark  zone  lengths,  temperature  and 
species  concentration  are  measured  The  data  of  Fig.  6  indicate  that  only  about  half  of  the  propellant 
thermal  energy  is  released  in  the  formation  of  the  dark  zone.  Measurements  of  high  oxidizer 
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Figure  4.  NO  absorption  spectrum  from  the  dark-zone  region  of  M9  burning  in  1.7  MPa  nitrogen 

(NO)  concentrations  in  this  zone  provide  evidence  that  this  zone  is  formed  from  the  slow  conversion  of 
NO  to  N2.  Other  Army  gun  propellants  have  been  studied  in  analogous  fashion 

The  propellant  flame  structure  data  base  has  recently  been  expanded  and  now  three  different 
investigators^^’^^’^®  have  made  use  of  multichannel  absorption  to  obtain  dark-zone  temperature  and  NO 
concentration  profiles  for  the  self-deflagration  of  XM39.  Mole  fractions  of  NO  range  from  0.075  to  0.15 
and  temperatures  from  1100  to  1400  K  depending  on  pressure  and  surrounding  environment. 

Most  of  the  major  dark-zone  species  do  not  have  easily  accessible  uv-visible  spectra.  One  species  of 
concern  with  respect  to  nitramine  propellant  combustion  was  HCN.  Reports  by  Kubota'^  did  not  indicate 
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Figure  5.  OH  absorption  from  the  luminous  flame  region  of  M9  burning  in  1.7  MPa  nitrogen 
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Figure  6.  Temperature  vs  distance  for  M9  burning  in  1.7  MPa  nitrogen.  NO  absorption(#)  and  OH 
absorption  (O)  spectra  obtained  from  the  dark  zone  and  luminous  flame,  respectively.  The  dashed 

line  is  the  adiabatic  flame  temperature 

the  presence  of  HCN  in  an  HMX  propellant  where  results  of  Korobeinechev'*^  and  later  others^’"*^  showed 
substantial  HCN  concentrations  in  the  dark  zone  of  neat  RDX  and  RDX  composite  propellants.  An  ir 
sensitive  diode  array  was  used  to  obtain  absorptbn  spectra  in  the  dark  zones  of  XM39  and  JA2  propellants 
and  representative  spectra  are  shown  on  Fig.  7.  A  range  of  approximately  1000  nm  could  be  obtained  usmg 
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Figure  7.  Dark  zone  absorption  spectra  for  XM39  and  JA2  propellants  under  self-sustained 
combustion  conditions  in  1.0  MPa  nitrogen.  These  infrared  absorption  spectra  were  taken 
at  an  average  distance  of  0.25  cm  from  the  propellant  surface. 
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Figure  8.  Absorption  spectrum  of  HCN  taken  in  the  dark  zone  of  XM39  burning 
in  1.0  MPa  nitrogen.  A  best  fit  for  temperature  and  concentration  are  1173  K  and 
0.14  mole  fraction,  respectively. 

the  ir  multichannel  array  with  7  nm  spectral  resolution,  consequently  four  spectra  were  pieced  together  to 
form  the  wavelength  coverage  depicted  in  Fig.  7.  Six  species,  HCN,  H2O,  N2O,  CO,  CO2  and  CH4.  have 
been  identified  as  having  absorptions  over  the  wavelength  range  from  1600  to  4400  nm.  CO  and  N2O  are 
discussed  elsewhere^  in  this  text.  Fundamental  CH  stretch  wavelengths  at  3020  and  3311  are  for  HCN 
and  CH4,  respectively.  Prominent  absorptions  for  H2O  occur  in  the  2400  to  3100  nm  and  the  1700  to  2000 
nm  regions  and  are  fundamental  and  combination  bands,  respectively.  The  largest  absorption  observed 
starts  around  4250  nm  and  is  a  fundamental  CO2  stretch.  As  can  be  seen  from  Fig.  7,  the  spectrum  for 
XM39  exhibits  a  prominent  absorption  in  the  region  appropriate  for  HCN  while  JA2  does  not.  A  more 
detailed  HCN  spectrum  obtained  in  the  dark-zone  region  of  XM39  burning  in  1.0  MPa  nitrogen  is  shown 
on  Fig.  8  together  with  a  least  squares  fit  to  the  data.  Solid  points  represent  the  data  and  a  line  indicates 
the  fit.  The  best  fit  to  these  data  results  in  a  temperature  of  1173  K  and  an  HCN  mole  fraction  of  0.14.  The 
largest  deviation  between  the  data  and  the  fit  occurs  around  3020  nm  where  the  fit  indicates  a  much  more 
pronounced  separation  of  the  P  and  R  branches.  A  possible  cause  for  the  difference  is  that  the  HITRAN 
database  does  not  contain  all  the  spectral  line  data  at  high  temperature.  Supportive  evidence  comes  from 
HCN  spectra  obtained  just  after  the  completion  of  the  propellant  bum.  SufiBcient  HCN  still  resides  in  the 
combustion  vessel  for  absorption  measurements,  but  at  a  substantially  lower  temperature.  Least  squares 
fitting  of  these  spectra  result  in  a  much  improved  data  match  with  a  fitted  temperature  of  314  K. 
Prominent  absorption  features  for  H2O  and  CO2  are  found  in  both  the  XM39  and  JA2  spectra.  Fitted 
results  for  JA2  burning  in  1.0  MPa  nitrogen  are  shown  on  Figs.  9  and  10.  In-situ  optical  measurements  of 
H2O  in  the  combustion  region  eliminate  the  condensation  problems  that  must  be  addressed  in  experiments 
where  the  measurements  are  performed  on  extracted  gas  samples.  A  good  fit  is  obtained  for  the  rotational 
structure  and  a  fitted  temperature  of  1402  K  is  close  to  the  average  results  of  other  absorption 
measurements  on  NO^^  for  an  equivalent  pressure.  Absorption  spectra  for  CO2  do  not  include  sufiBcient 
structure  to  confidently  extract  both  temperature  and  concentration  from  fitting.  Thus  the  temperature  was 
set  to  1400  K  (results  here  and  previous  work  14)  and  a  best  fit  for  concentration  was  determined  to  be 
0.10  mole  fraction.  These  results  as  well  as  others  not  shown  are  tabulated  in  Table  1  and  compared  with 
other  work  in  the  next  section. 
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Figure  10.  Absorption  spectrum  of  CO2  taken  in  the  dark  zone  of  JA2  burning  in  1.0  MPa  nitrogen. 
The  temperature  is  fixed  at  1400  K  and  a  best  fit  for  CO2  concentration  is  0.10  mole  fraction. 

Uncertainties  in  the  obtained  data  are  estimated  in  the  foUowing  feshion.  It  is  assumed  that  no  large 
systematic  error  is  present  in  either  the  determinatbn  of  pathlength  or  in  the  molecular  database  used  to 
least-squares-fit  the  experimental  absorption  spectra.  The  largest  variatbns  come  from  the  run-to-run 
repeatibility  of  the  experiment  and  include  changes  m  the  flatness  of  the  burning  surfece  and  the 
combustion  mtensity.  Run-to-run  variatbns  in  the  ooncentratbn  are  about  ±20%,  except  for  CH4  and 
about  ±5%  for  temperature.  The  HITRAN  database  did  not  provide  a  good  Q-branch  representatbn  for 
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the  experimental  spectra  at  high  temperatures.  Thus  the  CH4  concentrations  contain  larger  uncertainty, 
estimated  as  a  factor  of  two. 


DISCUSSION 

Table  1  contains  dark-zone  temperature  and  concentration  data  for  a  nitramine  composite  propellant 
(XM39).  The  experimental  data  come  from  both  uv-visible  and  ir  absorption.  The  temperature  and  NO 
concentrations  for  all  three  data  columns  come  from  uv-visible  absorpton  data  and  the  other  species  are 
obtained  by  ir  absorption.  FTIR  absorption^  is  used  for  the  results  of  the  middle  column  and  multichannel 
absorption  for  the  first  and  third  columns.  It  should  be  noted  that  not  all  of  the  possible  major  species  are 
listed  in  this  Table.  Two  major  species  molecules,  H2  and  N2,  are  not  measurable  with  an  ir  technique  and 
hence  are  not  listed.  The  data  of  Parr  and  Hanson-Parr“  were  taken  in  room  air,  whereas  the  other  data 
were  obtained  in  a  pressurized  nitrogen  environment.  In  addition  each  of  the  three  columns  represent  data 
taken  at  a  different  pressure.  With  these  differences,  a  general  agreement  in  dark-zone  temperature  is 
observed  and  good  agreement  is  shown  for  NO,  CO,  CO2,  N2O  and  CH4.  with  respect  to  the  first  two 
columns.  Differences  occur  for  HCN  and  H2O.  Evidence  in  support  of  larger  values  comes  from  mass- 
spectrometric-sampling,  laser-assisted-combustion  data  of  Tang,  et.  al.^  who  report  HCN  and  H2O  mole 
fractions  of  about  0.2  for  XM39  at  0.1  MPa  argon  pressure.  A  small  concentration  of  N2O  is  reported 
with  one  value  being  an  upper  limit.  This  upper  limit  is  a  result  of  an  unknown  absorber^.  In  addition, 
N2O  is  known  to  exist  in  the  primary  reaction  zone  and  any  perturbations  of  flat  geometry  could  give  rise 
to  an  appearance  of  a  small  amount  of  N2O  in  the  dark  zone.  Further  work  is  needed  on  N2O  since  the 
dark  zone  is  foel  rich  and  any  reactive  oxidizers  will  have  a  magnified  effect  on  dark-zone  chemistry. 
Nonetheless,  as  experimental  data  are  being  obtained  for  nitramine-based  propellants  for  a  variety  of 
conditions,  an  improved  picture  of  the  flame  structure  is  emerging. 

Table  1. 

Comparison  of  XM39  dark  zone  major  species  and  temperatures  with  published  results 
for  self-sustained  combustion  conditions.  Concentrations  in  mole  fraction. 


Parameter 

XM39* 

XM39‘’ 

XM39‘= 

P  (MPa) 

OJ 

1 

p 

2.2 

0.1 

Height  (cm) 

0.15 

0.1 

0.15 

T(K) 

1150 

1090 

1250 

NO 

0,15 

0.15 

0.08 

CO 

0.12 

0.10 

H2O 

0.15 

0.09 

CO2 

0.04 

0.04 

HCN 

0.14 

0.04 

N2O 

^0.02 

0.03 

CH4 

~  0.005 

-0.004 

a.  present  results  and  Refs.  16  and  26, 

b.  Refs.  18,  23  and  24 

c.  Ref.  11. 


Double-base  propellant  dark  zones  have  been  previously  investigated  with  sampling  probes.  The  results  of 
Heller  &  Gordon^  are  a  landmark  study  and  have  often  been  used  to  test  and  develop  combustion  models. 
Lengelle  et  al.^^  have  also  investigated  double-base  propellants  with  sampling  probes.  In  these  studies,  all  of 
the  major  species  with  the  exception  of  H2O  were  measured  The  results  normalized  for  an  assumed  0.2 
mole  fraction  H2O  are  shown  in  Table  2.  Non-intrusive  optical  absorption  results  for  JA2  are  shown  for 
comparison  purposes.  Both  measurements  of  species  concentration  and  temperature  are  in  good  agreement 
for  these  three  investigations.  It  can  be  said  that  the  double-base  propellant  dark  zone  database  is  in  better 
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shape  than  the  nitramine  composite  propellant’s  database.  Some  of  the  reasons  are:  the  double-base 


Table  2. 

Comparison  of  double-base  dark-zone  species  and  temperatures  with  published  results  for 
self-sustained  combustion  conditbns.  Concentrations  in  nrale  fraction 


Parameters 

DBl" 

082' 

JA2' 

P  (MPa) 

1.6 

0.9 

1.0 

T(K) 

1600 

1500 

1400 

NO 

0.24 

0.21 

0.22 

CO 

0,33 

0.38 

0.38 

C02 

0,10 

0.09 

0.11 

H20 

0.20 

0.20 

0.23 

CH4 

0.008 

0.026 

-0.005 

N2 

0.04 

0.02 

— 

H2 

0.08 

0.08 

— 

HCN 

0.004 

— 

0 

C2H4 

0.008 

0.008 

0 

d.  Ref.  38 

e.  Ref.  39 


f.  present  results  and  Ref.  14. 

propellants  have  been  studied  over  a  fonger  period  of  time,  nitramine-composite  propellants  (XM39)  were 
developed  for  low  vulnerability  applications  and  thus  exhibit  poorer  burning  characteristics  than  double¬ 
base  propellants  at  the  bw  pressures  required  for  diagnostic  experunents  with  ^atial  meaning,  and  another 
major  non- equilibrium  species  (HCN)  is  participating  in  the  dark  zone  chemistry  of  nitramine  propellants. 


SUMMARY  AND  FUTURE  CONSIDE^TIONS 

A  non-intrusive  optical  absorptbn  technique  has  been  devefoped  to  perform  combustbn  diagnostbs  on  a 
time  scale  relevant  to  self-sustained  solid  propellant  combustbn.  Multi-featured  absorptbn  spectra  have 
been  least-squares-fitted  to  obtain  quantitative  species  concentratbns  and  temperatures  through  exclusive 
use  of  basic  spectroscopb  molecular  informatbn.  No  cab'bratbn  fectors  are  required. 

This  technique  has  been  applied  to  the  dark  zone  of  nitramine  and  double-base  propellants.  These  results 
with  other  published  work  are  resulting  in  a  chemicaUy  specific  database  of  sufficient  size  to  provide  direct 
benefit  to  ongoing  modelling  efforts  of  the  detailed  chemistry  occurring  in  solid  propellant  combustbn. 

Array  detector  technobgy  is  constantly  being  improved  both  m  obtaining  better  si^al-to-noise 
characteristics  and  a  better  spatial  resolutbn  capability.  Digital  readout  circuitry  is  becoming  faster  so 
measurements  can  be  performed  on  shorter  time  scales.  These  in^x’ovements  will  albw  absorptbn 
experiments  to  address  an  increasing  variety  of  problems.  With  respect  to  solid  propellant  conbustbn,  an 
enhanced  spatial  resolution  may  albw  probing  the  thin  primary  reaetbn  zone.  On  the  other  hand,  efforts  to 
improve  spatial  resolution  by  clever  techniques  to  expand  the  reaetbn  zone  have  been  ongoing.  Preheating 
the  propellant  will  albw  self-sustained  combustbn  at  lower  pressures  and  thus  larger  reaetbn  zones.  This 
technique  is  preferred  since  it  should  be  easy  to  model.  However,  sufficient  reaetbn  zone  expansbn  may 
not  be  attainable.  Another  method  used  to  expand  the  reaetbn  zone  is  through  laser-asskted  combustbn. 
Larger  expansion  has  been  demonstrated  with  this  technique^^^.  If  laser-assisted  combustbn  can  be 
modelled  and  related  to  self-sustained  combustbn  h  could  be  the  technique  of  choice  for  spatial  detail. 
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Efforts  have  begun  on  incorporating  the  capabilities  of  a  2-D  array  for  absorption  work.  A  pulsed  arc  lamp 
is  used  to  provide  a  more  intense  light  source  for  a  rectangular  sheet  of  light.  This  sheet  of  light  passes 
vertically  though  the  combustion  region  and  is  imaged  onto  multiple  strips  of  the  array  detetor.  In  this  way 
a  snapshot  of  absorption  at  various  heights  above  the  propellant  surfece  can  be  obtained.  If  the  sheet  of 
light  is  made  to  pass  horizontally  through  the  combustion  regfon  a  tomographic  analysis  might  be  applied 
to  realize  added  spatial  information. 

With  the  speed  of  the  present  day  computer,  it  is  possible  to  incorporate  detailed  kinetics  to  model  solid 
propellant  flames.  Hence,  in  the  future,  models  may  be  predicting  kinetically  controlled  parameters  such  as 
bum  rate  and  temperature  sensitivity.  These  models  must  be  carefully  tested  and  validated  during  the 
developmental  period  and  thus  experiments  which  produce  quantitative  results  are  essential  for  this 
validation  process.  Multichannel  absorption  spectroscopy  is  one  technique  which  fulfills  this  need. 


APPENDIX 
Table  A. 

Major  ingredients  for  the  propellants  discussed  in  the  text.  The  values  are  given  in  weight  percent 
and  the  numbers  in  parentheses  give  the  percent  nitration  level  of  the  nitrocellulose. 


Ingredient 

M9 

JA2 

DBl 

DB2 

XM39 

HMXl 

M30 

Nitrocellulose 

57.6 

58.2 

55 

52 

4.0 

28.0 

nitration  level 

(13.3) 

(13.0) 

(12.6) 

(11.6) 

(12.6) 

(12.7) 

Nitroglycerin 

40.0 

15.8 

45 

43 

22.5 

Nitroguanidine 

47.7 

Potassium  Nitrate 

1.63 

Ethyl  Centralite 

0.73 

3 

0.4 

RDX* 

76 

Cellulose  Acetate  Butyrate 

12 

Acetyl  Triethyl  Citrate 

7.6 

DEGDN* 

25.2 

HMX* 

73 

TMETN* 

17 

Polyester  Binder 

10 

*  These  abbreviations  are  RDX,  cyclotrimethylene-trinitramine,  DEGDN,  diethyleneglycoldinitrate, 
HMX,cyclotetramethylene-tetranitramine  and  TMETN,  trimethylolethanetrinitrate. 
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COMMENTS 


Q.  Brewster,  Univ.  of  Illinois,  Urbana,  IL>  USA:  Could  you  comment  on  the  degree  of  accuracy 
expected  for  the  IR  bands  with  the  HITRAN  database  for  these  conditions  given  that  the  HITRAN 
data  is  based  on  atmospheric  conditions,  may  be  missing  hot  b^ds,  and  includes  only  nitrogen  and 
self-broadening? 

Author’s  Reply:  This  is  an  interesting  and  complex  question.  We  have  indeed  applied  the  HITRAN 
database  to  a  regime  of  elevated  temperature  and  {^essure.  A  main  reason  for  application  of  this 
database  is  that  (to  our  knowledge)  it  is  the  mast  complete  database  available.  Testing  of  the 
database  at  these  conditions  has  not  been  done,  thus  a  definitive  uncertainty  caimot  be  assigned. 
There  are  reasons  to  believe  that  the  database  can  perform  reasonably  well  under  these  experimental 
conditions.  For  the  HITRAN  database,  a  temperature  dependence  has  be^  incorporated  into  the  line 
intensities  as  well  as  the  internal  partition  sums  and  extends  to  3000  K.  Use  of  an  array  detector 
allows  simultaneous  sampling  of  large  chunks  of  spectra.  In  other  words,  there  are  many  transitions 
that  contribute  to  the  observed  spectra.  For  HCN,  H2O  and  CO2  there  are  90,  1375  and  350 
transitions  considered,  respectively.  Missing  bands  of  non-negligible  strength  would  readily  appear  m 
a  comparison  of  experimental  and  fitted  spectra.  The  resolution  of  the  experiment  is  much  less  than 
that  of  an  isolated  line  thus  the  expo'imental  spectra  are  usually  contours  whidi  consist  of  sums  of 
individual  transitions.  These  contours  are  well  represented  by  the  experimentally  detennined 
linewidth  of  an  Ar  lamp.  Fitted  values  for  temperature  have  less  uncertainty  than  concentration  since 
they  depend  on  ratioes,  not  absolute  values. 


V.  Abrukov,  Chuvash  State  Univ.,  Cheboksazy,  Russia:  R«:ently  a  new  integral  approach  to  various 
optical  techniques  has  been  developed  (interferometry,  spectroscopy,  Mie  scattering,  etc.).  For 
example,  a  total  number  of  molecules  (radicals,  etc.)  M  absorbing  a  particular  light  wavelmgth  can  be 
determined  by  the  following  formula: 

M  =  (lyBx)J  JIn[ro,x  /rA(x,y)]dxdy, 

where  B  is  the  average  absorption  cross  section  of  the  molecule,  T^x  is  the  initial  illumination,  and 
rA(x,y)  is  the  illumination  distribution  in  the  recording  plane  (with  coordinates  x,y).  I  thii^  this 
approach  will  be  able  to  solve  some  of  the  practical  problems  in  propellant  combustion  research. 

Reference:  Abrukov,  V.  S.  et  al.,  1995.  “Interferometric  techniques  and  other  optical  methods  in 
combustion  research.  New  approach”,  in  Optical  Techniques  in  Fluidy  Thermal,  and  Combustion 
Flow,  edited  by  S.  S.  Cha  and  J.  D.  Trolinger,  Proc.  SPIE,  Vol.  2546,  pp.  420-426. 

Author’s  Reply:  This  approach  involves  measurements  in  two  spatial  dimensions.  Our  tedinique 
involves  only  one  spatial  dimension,  but  with  wavelength  resolution  via  a  spectrometer.  We  thus  rely 
on  wavelength  specific  information  for  the  calculation  of  die  molecule  absorption  coefficient. 
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OPTICAL  DIAGNOSTICS  OF 
ATOMIZATION  AND  COMBUSTION 
FOR  CRYOGENIC  LIQUID 
ROCKET  PROPULSION 


M.  Oschwald  R.  Lecourt',  U.  Brummund,  A.  Cessou^,  O.  Haidn 
DLR  Forschungszentruin  Lampoldshauseii,  Space  Propulsion  Division 


Abstract 

The  M3  micro-combustor  is  a  test  facility  for  basic  investigations  of  cryogenic  oxy¬ 
gen/hydrogen  rocket  propulsion.  The  model  combustor  is  operated  at  pressures  up  to 
2MPa  and  has  full  optical  access  to  study  in  detail  the  LOX-spray  combustion  phenomena 
with  nonintrusive  optical  diagnostic  techniques.  Oxygen  and  hydrogen  are  injected  at  77 
K  through  a  single  coaxial  injection  element.  The  phenomenology  of  LOX-jet  break  up 
and  the  topology  of  the  flowfield  has  been  investigated  by  flashlamp  and  laser  light-sheet 
photography  to  determine  the  distribution  of  the  liquid  phase  and  by  droplet  tracking  to 
measure  the  droplets  velocities.  Location  and  structure  of  the  flamefront  has  been  investi¬ 
gated  by  laser-induced  fluorescence  and  the  detection  of  the  spontaneous  emission  of  the 
OH  radical. 


1  INTRODUCTION 

At  DLR  research  center  Lampoldshauseii  the  M3  micro-combustor  test  facility  is  operated  for 
basic  investigations  on  liquid  oxygen/gaseous  hydrogen  combustion.  The  combustor  is  designed 
for  pressures  up  to  2MPa.  The  work  up  to  now  has  largely  been  focused  on  using  a  single  coaxial 
injection  element,  whereas  a  three-injector  element  has  been  investigated  in  preliinmary  work. 

The  aims  of  the  experiments  presented  here  are  twofold.  First,  they  are  dedicated  to  develop 
and  test  the  performance  of  optical  diagnostic  techniques  for  the  application  in  reactive  two- 
phase  flows  at  high  pressures.  Second,  the  investigations  are  part  of  a  series  of  experiments  to 
characterize  the  phenomenology  of  jet  atomization,  vaporization,  mixing,  combustion,  and  also 
combustion  instabilities  and  the  interaction  between  these  processes.  Detailed  information  is 
needed  to  identify  the  dominating  physical  and  chemical  processes  and  to  contribute  to  a  data 
base  for  CFD-code  validation. 

In  this  paper,  we  focus  primarily  on  the  performance  of  the  optical  diagnostic  techniques. 
The  implications  of  the  results  of  the  applied  diagnostics  for  the  understanding  of  the  flow  and 
combustion  processes  are  briefly  discussed  at  the  end  of  the  paper. 

^ONERA  .Centre  du  Fauga-Mauzac,  31410  Noe,  France 

^Universite  de  Rouen  /  CORIA,  76821  Mont-Saint-Aignan,  France 
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2  THE  M3  MICRO-COMBUSTOR 


A  detailed  description  of  the  micro-connbustor  can  be  found  in  [1]  and  [2].  A  sketch  of  the 
combustor  cross  section  is  sliown  in  figure  1.  The  model  combustor  has  full  optical  access  to 
permit  diagnostics  by  non-intrusive  optical  methods.  For  laser  light-sheet  applications,  the  flow 
can  be  illuminated  through  slit  windows  in  the  upper  and  lower  walls.  Fluid  supply  lines,  flow 
meters,  and  valves  are  placed  in  a  bath  of  LN2  to  reach  propellant  temperatures  similar  to  real 
rocket  engine  conditions.  Additionally,  the  propellant  injection  system  is  in  thermal  contact 
with  the  LN2  to  prevent  long-lasting  transients  caused  by  heating  of  LO2  during  the  startup  of 
an  experiment.  Together  with  specially  designed  fast  opening  valves  steady  state  operation  is 
guaranteed  after  about  50ms. 


UV-grade  quartz  glass 

Figure  1 :  Cross  sectional  view  of  the  model  combustor. 


The  dimensions  of  the  injector  are  chosen  to  be  similar  to  the  HM7B  type  (see  figure  2)  leading 
to  rather  small  momentum  flux  ratios  at  low  combustion  chamber  pressures.  Several  injection 
elements  are  used  with  the  same  dimensions  of  the  LOX-post  but  different  outer  diameters  of  the 
annular  hydrogen  slit  to  achieve  different  H2-mass  flows  necessary  for  the  different  combustion 
chamber  pressures.  In  any  case,  the  length  to  diameter  ratio  of  the  LOX-post  and  of  the  annular 
hydrogen  gap  is  kept  above  20  to  ensure  a  fully  developed  turbulent  flow  profile. 

The  experiments  discussed  in  this  paper  were  done  at  four  test  cases:  cases  A  and  A’  at  150 
kPa,  case  B  at  500kPa  and  case  C  at  1.2  MPa.  Weber  numbers  'We=p{vH2  —  vlox)^^lox /o-LOX 
and  the  momentum  flux  ratios  J  =  (pu^)//2/(pr>^)LOA'  as  calculated  for  injector  exit  conditions  for 
these  test  cases  are  shown  in  figure  3. 


momentum  flux  ratio 


Figure  2:  Sketch  of  the  single  coaxial  in-  Figure  3:  Pressures,  Weber  numbers  and  momentum 
jcction  clement.  flux  ratios  for  the  test  cases  A,  A’,  B,  and  C. 
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3  PHENOMENOLOGY  OF  LOX-JET  BREAKUP 


Several  optical  methods  were  used  to  investigate  the  phenomenology  of  jet  breakup  and  to 
visualize  the  gas  flow  in  the  combustor. 

Shadow-  und  Schlieren  photography  were  applied  to  map  the  topology  of  the  gas  flow.  Alt¬ 
hough  the  LOX-distribution  could  be  obtained  with  tliese  line-of-sight  methods,  turl)uleiice  and 
strong  gradients  in  the  cryogenic  two-phase  flow  result  in  images  with  strong  gray  value  varia¬ 
tions.  Flow  structures,  for  example  the  shear  layer  between  hydrogen  and  oxygen,  could  not  be 
resolved  with  satisfying  quality  in  the  outer  gas  flow  region. 

The  distribution  of  the  LOX-phase  was  recorded  with  a  300ns  flash  lamp  in  a  line-of-sight 
configuration  [1]  and  by  laser  light-sheet  photography  (see  figure  4).  Botli  methods  yield  reaso¬ 
nable  information  about  the  distribution  of  the  liquid  phase.  The  quality  of  the  laser  light-sheet 
measurements  is  superior  to  flash-lamp  photography  in  terms  of  contrast  and  spatial  resolution. 


J _ _ _ _ _ ^ ^ _ I _ , _ _ _ , _ ^ ^ ^ ^ _ , _ I _ , _ , _ .  ■  I 
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Figure  4:  LOX-phase  distribution  for  test  case  A  as  obtained  with  laser  light-sheet  photography. 


4  2D-LOX-DROPLET  VELOCIMETRY 

Injection  velocities  for  hydrogen  (300-500  m/s)  are  always  high  compared  to  the  velocities  of 
liquid  oxygen  at  the  injector  exit  (15-35  m/s).  The  shear  layer  between  these  two  flows  is  essential 
for  the  phenomenology  of  the  LOX-jet  break  up,  evaporation  of  the  liquid  phase  and  the  mixing  of 
hydrogen  and  oxygen.  We  use  the  LOX-droplets  as  tracers  to  get  information  about  this  region. 
Due  to  the  droplets  inertia  the  droplet  velocity  is  not  identical  with  the  gas  velocity.  But  droplets 
penetrating  into  the  hydrogen  flow  will  be  accelerated  and  therefore  the  droplet  velocity  will  be 
influenced  by  the  gas  velocity.  An  estimation  of  the  relaxation  time  r  =  pD^llSr}  of  a  10  ^m 
droplet  gives  an  order  of  1  ms,  clearly  longer  than  the  shortest  turbulent  time  scales  expected. 
The  droplet  velocity  therefore  depends  on  the  droplets  mass  and  on  its  history  in  the  flow  field,  no 
unique  flowfield  for  all  the  droplet  can  be  expected.  An  evaluation  of  the  velocity  of  individual 
droplets  is  done  in  this  work  instead  of  taking  ensemble  averages.  Velocity  measurements  of 
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LOX-droplcts  with  phase-Doppler  anemometry  (PDA)  in  LOX/GH2-combustion  chambers  were 
carried  out  at  ONERA  Palaiseau  [3]  and  Pennsylvania  State  University  [4],  In  our  experiment, 
droplet  tracking  vclocimetry  (DTV)  is  used  to  determine  instantaneous  droplet  velocities  in  a 
2D-field.  The  method  is  similar  to  particle  tracking  velocimctry  that  has  been  widely  used 
in  PIV  a])pIications  with  low  image  densities  [5].  DTV  uses  the  LOX-dropIets  in  the  flow  as 
tracers.  The  velocity  is  determined  by  recording  their  position  at  two  times  on  a  single  frame. 
The  flow  is  therefore  illuminated  with  a  pulsed  light-sheet.  From  the  displacement  of  the  droplet 
images  and  the  known  time  interval  between  the  exposure  times  the  velocity  can  be  determined. 
Preliminary  experiments  demonstrated  the  feasability  of  droplet  velocimetry  by  droplet  tracking 
in  this  cryogenic  two  phase  flow  with  combustion  [6].  The  results  presented  were  obtained 
with  optimized  parameters  for  the  photographic  recording  of  the  droplet  images  and  with  an 
automated  data  reduction  scheme. 

4.1  Experimental  Setup 

Two  pulsed  frequency  doubled  Nd;YAG-lasers  were  used  as  light  sources.  Each  laser  is  triggered 
by  the  same  clock,  the  trigger  for  the  second  laser  is  delayed  by  an  adjustable  time  which  was 
chosen  to  be  7yus  in  this  application.  The  laser  light  was  formed  into  a  light-sheet  of  a  width 
of  4  cm  and  a  thickness  of  500  fim  in  the  measurement  plane.  Since  no  recirculation  zone 
was  present  in  regions  were  the  measurements  were  done  it  was  not  necessary  to  resolve  the 
directional  ambiguity.  The  images  were  recorded  on  a  24mm  x  36mm  photographic  film  (Kodak 
Technical  Pan).  The  magnification  was  1,  so  that  the  size  of  the  area  in  the  flow  recorded  and 
the  size  of  the  photographic  film  matched.  Four  images  were  necessary  to  map  the  total  length  of 
the  combustion  chamber.  The  camera  shutter  was  opened  for  I /125  s,  during  this  time  interval 
the  two  lasers  were  triggered.  An  interference  filter  was  mounted  in  front  of  the  camera  lens 
system  to  avoid  light  from  the  fl2/02-flame  exposing  the  film.  The  camera  was  able  to  record 
2.5  frames/second. 

4.2  Data  Reduction 

The  frames  were  digitized  to  3072  x  2320  pixels  with  a  dynamic  range  of  8  bit  for  the  grey 
values,  hence  each  pixel  corresponds  to  11.5  x  11.5  in  laboratory  coordinates.  For  data 
reduction,  these  images  were  divided  in  512  x  512  pixel  subimages.  Several  sources  contributed 
to  the  exposure  of  the  film:  light  scattered  from  the  liquid  jet,  from  ligaments  and  droplets,  but 
also  stray  light  from  water  and  ice  condensating  on  the  windows  of  the  combustion  chamber. 
After  contrast  enhancement  and  binarization  of  these  subimages,  connected  pixels  were  identified 
as  individual  objects.  The  positions  of  the  objects  were  determined  by  calculating  the  center 
of  gravity  of  their  binarized  images.  Also  the  area  A  and  the  perimeter  P  of  the  objects  were 
evaluated.  To  discriminate  droplets  from  the  liquid  core,  ligaments  and  stray  light,  objects  with  a 
size  A  above  a  threshold  size  were  deleted.  In  a  second  step,  objects  with  a  P/\/A-ratio  differing 
from  the  ratio  for  spheres  for  more  than  40%  were  deleted  too.  The  mean  displacement  of  the 
droplet  images  was  now  determined  by  calculating  the  autocorrelation  function  by  performing 
two  subsequent  2D-FFT  on  the  512  x  512  pixel  subimage.  This  mean  displacement  was  used  as 
an  initial  starting  value  in  the  search  algorithm  for  identifying  pairs  of  droplet  images. 

hor  each  identified  droplet  pair,  the  position  and  the  area  of  the  two  images  were  stored.  It 
is  not  expected  that  from  the  image  area  a  droplet  size  can  be  deduced;  for  example,  due  to  non¬ 
linear  image  filtering  for  contrast  enhancement,  the  size  of  a  binarized  image  is  not  proportional 
to  the  droplet  size.  Nevertheless,  we  think  that  at  least  trends  of  size-dependent  effects  may  be 
found  by  looking  at  the  image  areas. 


828 


X  [mm] 

Figure  5;  Vector  plot  of  droplet  velocities  in  the  range  Omm<  x  <50mm.  The  injector  is  at 
position  X  =  Omna,  y  =  Omni. 

4.3  Velocity  Fields 

Due  to  the  improved  optical  set  up  and  the  increased  droplet  density  at  test  case  A  compared 
to  the  previous  measurements  at  test  case  A’  [6],  a  much  higher  number  of  droplet  images  could 
be  analysed  on  the  recorded  photographs  in  this  work.  A  total  of  2700  droplet  image  pairs 
were  identified  by  the  automated  analysis  software  in  nine  images  mapping  the  total  combustor 
length.  Two  to  three  images  were  obtained  at  the  same  location  in  the  combustion  chamber. 
The  large  number  of  droplets  permits  to  calculate  significant  mean  values  and  variances. 

Figure  5  shows  the  flowfield  for  test  case  A  for  the  first  5  cm  downstream  the  injector.  Each 
vector  represents  the  velocity  of  an  individual  droplet.  An  analysis  of  the  velocities  shows  that  in 
a  small  area  the  velocities  of  the  droplets  may  be  very  different.  This  confirms  that  no  flowfield 
can  be  attributed  to  the  droplets,  each  droplet  has  its  individual  velocity  corresponding  to  its 
mass  and  history  in  the  gas  flowfield. 

To  see  how  the  flowfield  develops  downstream  the  injector,  the  velocities  were  analyzed  for 
the  two  droplet  groups  with  y  >  0  and  y  <  0,  i.e.  droplets  above  and  below  the  central  flow  axis. 
Figure  6a-f  shows  the  probability  density  function  of  the  Uy-component,  i.e.  the  radial  velocity 
component  for  droplets  of  these  two  subgroups  for  different  a;-intervals  downstream  the  injector. 
Near  the  injector,  the  velocity  distribution  for  each  subgroup  is  rather  broad  and  asymmetric 
to  Vy  =  0,  indicating  that  the  majority  of  the  droplets  is  moving  away  from  the  central  LOX- 
core  (figure  6a,b).  The  mean  value  Vy  and  the  width  of  the  distribution  are  decreasing  further 
downstream  (figure  6c,d).  For  x  >  8cm  the  distributions  are  almost  symmetric  to  Uy  =  0  (see 
figure  6e,f).  All  droplets  are  now  moving  mainly  parallel  to  the  central  axis. 

The  probability  density  function  for  the  u^-components  were  analysed  for  droplets  having 
x-components  in  an  interval  [x,.t  +  5mm]  at  several  x  positions  downstream  the  injector.  The 
mean  value  and  the  width  of  the  distribution  were  determined  by  fitting  a  Gaussian  distribution 
to  the  probability  density  function.  As  can  be  seen  in  figure  7,  the  mean  value  of  is  increasing 
over  the  first  few  centimeters  downstream  of  the  injector  and  is  decreasing  for  x  >  4cm.  The 
vertical  bars  show  the  width  of  the  u^r'distribution.  Data  corresponding  to  different  experiments 
are  marked  with  different  symbols.  The  ratio  of  the  standard  deviation  a  of  the  distribution  to 
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Figure  6:  Probability  density  function  of  the  Uy-component  for  droplets  below  and  above  the 
liquid  core. 

the  mean  may  be  as  high  as  0.6  near  the  injector.  At  the  end  of  the  combustion  chamber 
cr/uir  decreases  to  typical  values  of  0.1,  the  flowfield  in  the  center  becomes  uniform. 

No  significant  correlation  of  image  size  and  position  of  droplets  could  be  found.  In  figure  8, 
the  droplet  velocity  is  plotted  as  a  function  of  its  area  for  all  the  2700  evaluated  droplets.  It  can 
be  seen  that  for  small  droplets  the  velocity  distribution  is  broader  than  for  large  ones,  indicating 
that  small  droplets  may  be  more  strongly  influenced  turbulent  structures  within  the  gas  flow 
than  large  ones. 
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Figure  7:  Mean  value  of  the  iv-velocity  com¬ 
ponent  of  droplet  ensembles  in  an  interval  of 
+  5mm).  The  vertical  bars  correspond  to 
the  standard  deviation  of  the  Uj-distribution. 
The  injection  velocity  of  LOX  was  30.3  m/s. 
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Figure  8:  Correlation  of  droplet  image  size  and 
velocity. 


5  Location  and  Structure  of  Flamefront 

There  are  several  questions  that  can  be  adressed  by  the  determination  of  the  location  of  the 
flame  front.  Are  the  LOX-core,  the  droplets  and  ligaments  and  the  evaporated  oxygen  contained 
in  a  well  defined  volume  in  the  central  region  of  the  combustion  chamber  and  surrounded  by  a 
conical  flame  front?  Or  do  individual  droplets  or  groups  of  droplets  penetrate  in  the  hydrogen 
flow  leading  to  a  complex  flame  structure  and  interaction  of  jet-break  up  and  combustion?  The 
determination  of  the  position  of  the  flame  near  the  injector  exit  should  help  to  answer  the 
question  of  the  process  responsible  for  the  flame  anchoring.  We  applied  planar  laser  induced 
fluorescence  (PLIF)  to  measure  the  Oil-radical  distribution.  OH  is  produced  in  the  reaction  zone 
and  therefore  is  a  marker  for  the  flame  front.  Downstream  the  flame  front  OH  may  be  present 
in  relevant  equilibrium  concentrations  due  to  the  high  temperatures  reached  in  stoichiometric 
H2/O2  combustion. 

5.1  The  UV-Laser  Diagnostic  System 

The  PLIF  experiments  were  carried  out  with  an  injection-  locked  narrowband,  tunable  excimer 
laser  (Lambda-Physik  LI  X  150T),  operating  at  the  KrF  wavelength  of  248  nm.  It  yields  tun¬ 
able  radiation  between  248  nm  and  249  nm  with  an  energy  of  250  mJ /pulse  and  a  bandwidth 
of  0.4  cm'L  The  pulse  duration  is  20  ns  which  is  essentially  instantaneous  in  comparison  to 
the  combustion  and  turbulence  time  scales.  To  image  a  large  part  of  the  flame  the  rectangular 
laser  output  beam  is  transformed  into  a  laser  sheet  of  approximately  40  mm  width  and  0.3  mm 
thickness  using  a  combination  of  a  spherical  and  a  cylindrical  lens.  The  laser  beam  is  focused 
by  this  lens  combination,  so  that  the  beam  waist  is  located  in  the  center  line  of  the  combustion 
chamber  axis.  This  sheet  traverses  the  combustion  chamber  from  the  top  to  the  bottom  and 
is  limited  on  the  left  side  by  the  injector.  The  power  density  necessary  for  single  shot  mea¬ 
surements  sometimes  led  to  damaged  windows  when  water  vapour  is  condensed  on  the  inner 
window  surfaces.  An  intensified  CCD  camera  placed  at  right  angle  to  the  laser  sheet  detected 
the  induced  fluorescence.  Different  filter  combinations  were  chosen  for  the  measurements.  For 
the  induced  fluorescence  images  a  combination  of  a  20  mm  high-pass  liquid  butyl  acetat  filtei 
and  four  dielectrical  bandpass  filters  centered  at  297  nm  are  put  in  front  of  the  CCD  camera. 
The  gate  time  of  the  intensifier  is  always  set  to  100  ns.  To  obtain  dispersed  fluorescence  spectra, 
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a  liigh  pass  Schott.  WG  280  filter  or  the  liquid  butyl  acetal  filter  is  put  in  front  of  the  entrance 
slit  of  the  spectrometer.  A  pair  of  quartz  lenses  focusses  the  imaged  part  of  the  spray  flame  onto 
the  entrance  slit  of  a  f/#=4  spectrometer.  The  spectrometer  is  mounted  so  that  the  entrance 
slit  is  parallel  to  the  laser  beam  axis.  After  dispersion  of  the  entrance  slit  image  by  a  grating 
with  1200  lines/mm  the  resulting  fluorescence  spectrum  is  projected  by  the  refocussing  mirror 
of  the  spectrometer  onto  the  exit  plane  where  it  is  detected  by  an  ICCD  camera.  The  spec¬ 
trometer  grating  is  adjusted  to  display  a  wavelength  range  of  approximately  35  nm  from  270  - 
305  nm,  calibrated  with  a  Hg  pen  lamp.  The  slit  width  is  set  to  100  /im,  and  the  gate  time  of 
the  intensifier  is  10  /is. 


5.2  Excitation  Wavelengths  and  Interferences 

A  lot  of  problems  may  arise  in  applying  the  laser  induced  fluorescence  technique  in  high  pres¬ 
sure,  two-phase  combustion  systems,  i.e.  fluorescence  interferences  of  the  OH  signal  with  O2 
transitions,  beam  attenuation  due  to  high  OH  number  density  and  strong  Mie  scattering  and 
stray  light  problems  from  the  liquid  oxygen  core.  The  beam  attenuation  problem  is  significantly 
reduced  when  using  the  excitation  of  the  OH  A^£  (v’=:3)  X^H  (v”=0)  transition  because 
no  self-absorbing  states  are  excited  [7].  The  KrF  excimer  laser  is  ideally  suited  for  this  OH 
transition  leading  to  negligible  attenuation.  The  Mie  scattering  can  be  strongly  reduced  by  ef¬ 
fectivefiltering  with  the  butyl  acetat  filter  having  a  steep  cut-off  at  248  nm  and  small  bandwidth 
detection  of  the  OH  fluorescence  with  the  dielectrical  filters.  In  this  way  effective  stray  light 
suppression  (rejection  ratio  better  than  10~’°)  is  achieved.  To  reduce  interferential  effects  arising 
from  O2  fluorescence  with  increasing  chamber  pressures  we  calculated  the  OH  and  O2  absorption 
spectra  to  locate  wavelength  ranges  of  interferential  free  regions.  From  these  synthetic  spectra, 
we  decided  to  choose  the  Pi  (9)  and  Q2(10)  absorption  lines  to  excite  the  OH  radical  in  order 
to  experimentally  investigate  the  interferential  effects  with  increasing  chamber  pressure.  This 
investigation  was  done  in  the  LOX/GH2  flame  by  acquiring  dispersion  spectra.  The  same  laser- 
sheet  illumination  geometry  as  for  the  PLIF  imaging  has  been  used.  OH  fluorescence  spectra, 
integrated  on  chip  for  typically  fifty  laser  shots,  have  been  obtained  for  the  Pi  (9)  line  at  the  test 
cases  A,  B,  and  C  for  the  Q2{10)  line  at  test  cases  A  and  B  and  at  a  pressure  of  0.8  MPa.  The 
P-,  Q-,  and  R-lines  within  the  34-2  band  of  OH  in  the  wavelength  range  of  300  nm  are  clearly 
resolved  and  can  be  identified  on  the  basis  of  the  known  spectral  behaviour  of  the  OH-radical. 


Figure  9:  OH  distribution  as  measured  with  PLIF  at  150kPa  (test  case  A’). 
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Figure  10:  OH  distribution  as  measured  with  PLIF  at  SOOkPa  (test  case  B). 

Between  these  single  strong  lines  some  weaker  and  considerably  broader  emission  appears  in 
the  range  of  285  nm  to  295  nm.  This  weaker  emission  originates  from  fluorescence  of  lower 
vibrational  states  (v’=:0,  1,  2).  As  pressure  increases,  the  fluorescence  intensity  emitted  by  these 
states  increases  due  to  vibrational  energy  transfer.  The  background  level  is  much  higher  and 
enhances  with  increasing  chamber  pressure  when  using  the  Pi (9)  excitation  line.  At  1.2  MPa 
the  3<— 2  band  begins  to  diminish  for  the  Pi{9)  excitation  line,  whereas  for  the  Q2(10)  line  at 
0.8  MPa  the  spectral  structure  and  the  relative  emission  intensities  of  P,  Q,  and  R  lines  are  still 
pronounced  and  well  separated.  Spectral  lines  originating  from  O2  appearing  with  increasing 
pressure  can  definitely  not  be  observed  in  the  spectral  range  of  295-  305  nm.  From  these  expe¬ 
rimental  and  synthetic  spectra  wc  conclude  that  with  the  Q2(10)  excitation  line  it  is  possible  to 
perform  OH-PLIF  measurements  in  a  LOX/GH2  combustion  chamber  at  least  at  pressures  up 
to  1.2  MPa. 


5.3  OH-PLIF  Images 

Single-pulse  OH  PLIF  images  have  been  acquired  with  the  KrF  excimer  laser  tuned  to  the  Q2(10) 
absorption  line,  allowing  interference  free  visualization  of  the  laser-induced  OH  fluorescence.  All 
PLIF  images  have  been  obtained  with  a  fixed  field  of  view  of  25mm  x  16mm.  The  main  aim  of 
this  part  of  the  work  was  to  identify  the  location  of  the  flame  front  and  the  spatial  structures  in 
dependence  of  the  chamber  pressure. 

Figure  9  and  figure  10  show  typical  PLIF  images  of  the  OH  radical  at  a  combustion  chamber 
pressure  of  150kPa  (test  case  A’)  and  500kPa  (test  case  B),  respect! vly.  A  thin  conical  flame 
expands  downstream  the  injector  and  gets  thicker  and  wrinkled.  The  high  turbulence  associated 
with  the  flowfield  is  reflected  by  the  convoluted  flame  zone.  The  thickness  of  the  flame  varies 
strongly,  in  some  images  at  test  conditions  B  and  C  the  flame  contour  is  even  interrupted  whereas 
at  other  locations  there  are  zones  of  very  high  OH  signal.  Due  to  high  stretch  forces  the  flame 
may  extinguish  locally.  The  PLIF  signal  intensity  is  generally  higher  in  the  upper  half  of  the 
combustion  chamber  because  of  strong  attenuation  of  the  laser  sheet  scattered  by  the  dense 
liquid  oxygen  core  in  all  directions.  Travelling  a  long  way  through  the  dense  spray,  this  effect 
will  be  much  enhanced. 

By  signal  averaging  50  laser  shots  the  averaged  intensity  distributions  were  obtained.  In 
these  images  turbulent  structure  is  smoothed  out  due  to  the  temporal  integration  proce.ss. 
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A  surprising  feature  of  the  PLIF  images  is  that  on  the  centerline  in  the  region  of  the  LOX- 
core  the  signal  is  not  zero.  In  the  middle  of  the  liquid  oxygen  jet  there  cannot  be  any  OH 
fluorescence,  and  elastic  scattering  has  been  suppressed.  The  signal  may  be  a  shifted  emission 
from  the  liquid  oxygen,  either  stimulated  Raman  scattering  and  only  partially  blocked  by  the 
interference  filter,  or  fluorescence  from  impurities  in  the  liquid  oxygen.  In  any  case  it  indicates 
the  presence  of  the  dense  liquid. 


6  Results  and  Discussion 

For  all  injection  conditions  with  combustion  we  observed  a  liquid  LOX-core  extending  seveial 
centimeters  downstream  the  injector.  These  observations  are  consistent  with  results  for  small 
momentum  flux  ratios  in  reference  [9].  The  liquid  core  has  been  observed  to  be  completely  disin¬ 
tegrated  downstream  x  >  8cm  but  there  is  still  liquid  oxygen  at  the  exit  of  the  combustor,  i.e. 
14cm  downstream  the  injector.  A  comparison  of  the  LOX-spray  without  and  with  combustion 
exhibits  the  disappearance  of  the  smallest  droplets  due  to  the  heat  release  in  the  burning  spray. 
With  increasing  chamber  pressure,  aerodynamic  forces  raise  making  the  liquid  jet  look  more 
compact  along  its  movement  downstream  with  a  decreasing  size  of  ligaments  and  droplets. 

DTV  has  been  shown  to  be  a  promising  tool  for  velocimetry  in  the  central  region  of  the 
LOX/GH2  combustor  where  the  relevant  processes  of  jet-breakup,  evaporation,  and  mixing  oc¬ 
cur.  The  analysis  of  individual  droplet  velocities  show  that  the  mean  value  i)  is  a  continous 
function  of  the  spatial  coordinates  but  even  in  small  areas  in  the  flow  the  droplet  velocities  show 
a  distribution  around  the  mean  reflecting  the  individual  droplet’s  history  due  to  the  dynamics 
of  jet  disintegration  and  the  interaction  of  the  gasflow  with  the  droplets. 

Both  velocity  components  show  a  decreasing  width  of  their  probability  distribution  function 
downstream  the  injector.  For  x  >  S  cm  in  the  region  mapped  by  the  double  exposures,  i.e.  from 
12  mm  below  to  12  mm  above  the  central  axis  the  flow  becomes  rather  uniform  and  parallel  to 
the  combustor  axis  and  exhibits  no  velocity  gradients.  The  LOX-jet  is  already  disintegrated  in 
this  region,  the  LOX-phase  is  present  in  the  form  of  droplets  and  ligaments.  Evaporation  and 
potential  secondary  droplet  break-up  will  not  be  influenced  by  a  shear  layer  in  the  surrounding 
gas  flow.  The  observed  decrease  in  the  mean  Ux-velocity  of  the  droplets  indicates  that  the  cross 
section  of  the  oxygen  flow  confined  by  the  flow  of  reaction  products  and  hydrogen  is  increasing. 
Assuming  complete  combustion  and  calculating  the  mean  velocity  of  the  reaction  products  for 
test  case  A  yields  144m/s.  The  presence  of  droplets  at  the  injector  exit  and  the  measured  velocity 
of  about  28  m/s  near  the  chamber  exit  clearly  shows  that  combustion  is  incomplete. 

It  has  been  shown  that  with  an  appropriate  choice  of  an  excitation  line,  OH-LIF  is  possible 
with  the  KrF-laser  without  interferences  with  02-LIF  for  pressures  up  to  1.2  MPa.  The  flame,  as 
detected  with  PLIF,  exhibits  a  conical  shape.  At  150kPa  conditions,  the  flame  zone  does  not  lie 
directly  on  the  liquid  oxygen  core,  but  is  well  separated  from  it.  For  higher  pressure  conditions, 
the  expansion  angle  of  the  flame  cone  decreases,  and  the  flame  is  much  more  confined  to  the  center 
line  and  continues  to  burn  near  the  surface  of  the  liquid  oxygen  core.  For  both  high  pressure 
cases,  the  flame  burns  more  effectively  further  downstream  leading  to  high  OH  fluorescence 
spreading  over  expanded  regions  which  come  in  close  connection  to  the  liquid  oxygen.  For  these 
conditions,  the  averaged  images  show  a  confined  flame  zone  lying  close  to  the  liquid  core.  This  is 
in  accordance  with  results  from  flame  visualization  experiments  in  a  10  MPa  LOX/GH2  model 
combustor  [8). 

LIF-images  as  well  as  DTV  results  indicate  that  large-scale  fluctuations  are  present  in  the 
flow.  The  step  in  the  mean  value  of  at  a:  -  7cm  in  figure  7  shows  that  the  mean  values  of 
the  velocity  at  a  given  position  may  fluctuate  from  run  to  run  although  the  injection  conditions 
were  rather  reproducible  and  stable  from  one  experiment  to  another.  This  is  in  agreement  with 
the  observed  spatial  structure  of  the  OH-distribution  in  the  wrinkled  flame  front  which  varies  in 
intensity  and  width. 
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Neither  from  instantaneous  nor  from  the  averaged  images  is  it  unambiguously  clear  that  the 
flame  is  anchored  directly  at  the  outlet  of  the  LOX  injector  due  to  the  very  small  OH  signal 
at  that  location.  Spontaneous  OH  emission,  which  we  ambiguously  detected  at  a  combustion 
pressure  of  500  kPa,  indicates  that  the  flame  begins  at  the  lip  of  the  injector,  as  has  been 
observed  in  the  LOX/Ofh'Spray  at  ONERA,  Palaiseau  [6].  It  is  therefore  assumed  that  the 
flame  is  anchored  at  the  injector,  probably  due  to  a  recirculation  zone  between  the  LOX-post 
and  the  H2-annular  slit. 

A  comparison  of  the  LI F-i mages  and  the  light-sheet  images  showing  the  distribution  of  the 
liquid  phase  for  test  case  A  shows  that  no  or  only  a  small  number  of  droplets  are  outside  the 
flame  cone.  Droplets  leaving  the  central  LOX-core  have  not  enough  momentum  to  cross  the 
flame  front  and  penetrate  into  the  liydrogen  flow. 

7  Future  Work 

In  further  experiments, the  DTV  measurements  will  be  continued  at  test  cases  B  and  C  to 
complete  the  data  set  for  comparision  with  the  PLIF  data.  In  the  present  experiments  the  LOX- 
and  hydrogen  mass  flows  are  injected  in  a  model  combustor  of  a  6cm  x  6cm  cross  section,  by  far 
larger  than  that  available  for  the  reactants  in  a  real  rocket  combustor  where  they  are  injected 
through  a  matrix  of  injectors.  In  further  experiments  this  situation  will  be  approximated  by 
two  approaches.  First,  the  micro-combustor  will  be  modified  to  reduce  the  cross  section  by 
60%.  Second,  a  triple  injector  element  will  be  investigated.  The  cross  section  available  for  each 
injection  element  will  be  reduced  and  the  investigation  of  injector/injector  interaction  will  be 
possible. 
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COMMENTS 

G.  Smeets,  ISL,  France:  Which  was  the  temperature  of  the  injected  hydrogen? 

Author’s  Reply:  The  temperature  of  the  injected  hydrogen  is  similar  to  the  liquid  oxygen  and 
is  about  lOOK  at  the  injector  exit. 

C.  Smeets,  ISL,  France:  How  was  the  combustion  initiated? 

Author’s  Reply:  The  combustion  was  initiated  by  a  pilot  flame  which  was  switched  off  after 
ignition. 
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ABSTRACT 

The  research  on  SCRAMJET  combustors  motivated  the  work  on  new  non-intrusive  measurement 
approaches  to  study  the  flowfield  inside  a  combustor  during  operation.  This  was  made  possible  by 
the  development  of  new  powerful  laser  systems  and  cameras  with  high  spatial  and  time  resolution. 
In  this  paper,  we  report  an  investigation  of  the  swept  ramp  injector  concept  in  a  nonreacting  as  well 
as  a  reacting  flowfield  of  a  hydrogen-fueled  supersonic  model  combustion  chamber.  To  visualize 
the  structure  of  the  flame  and  the  distribution  of  OH  and  O,  as  well  as  to  determine  the  averaged 
temperature  and  pressure  field  within  the  combustor,  we  used  natural  fluorescence  (without  laser 
excitation)  and  different  laser-induced  predissociative  fluorescence  (LIPF)  excitation/detection 
schemes. 


INTRODUCTION 

Research  has  been  conducted  for  a  number  of  years  in  several  laboratories  all  over  the  world,  to 
develop  a  hydrogen  fuelled  supersonic  combustion  ramjet  (scramjet)  for  propelling  an  aerospace 
transport  system  at  hypersonic  speed  [1].  To  gain  maximum  thrust,  the  most  complete  fuel-air 
mixing  and  fuel  chemical  energy  release  must  be  achieved  during  the  very  short  residence  time 
within  the  combustor  and,  at  the  same  time,  losses  due  to  injection,  mixing  and  combustion  of  the 
fuel  must  be  kept  to  a  minimum.  Therefore  a  considerable  number  of  advanced  injection  and  mixing 
techniques  [2]  have  been  proposed  and  investigated  in  experimental  and  theoretical  studies.  Vortex 
enhanced  mixing  involves  the  use  of  streamwise  vortices  generated  by  free  stream  spilling  around 
an  unswept  or  swept  ramp.  The  technique  has  been  studied  in  several  works  [3,4]  and  significant 
mixing  enhancement  was  found  with  greater  streamwise  vorticity  and  better  mixing  for  the  swept 
ramp  injectors.  However,  large  momentum  losses  occur  with  swept  ramps. 
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1  o  overcome  the  problem  of  point  measurements  in  turbulent  flames  and  to  avoid  low  Raman  signal 
levels  and  the  very  intensive  computation  for  CARS  data  reduction,  two  dimensional  imaging 
techniques  based  on  laser-induced  fluorescence  excitation  have  been  extensively  studied  during  the 
last  years  (see  e.g.  [6]).  Although  quantification  of  LIF  results  is  difficult  because  of  quenching 
problems,  the  proposed  LIF  approaches  have  been  applied  successfully  to  a  wide  range  of 
combustion  systems.  LIF  measurements  for  scramjet  combustor  development  have  mainly  been 
performed  in  cold  flow  studies,  especially  using  iodine  tracer  molecules  (LIIF-technique)  [6,7],  and 
in  the  reacting  flow  of  shock  tubes  [8,9],  The  swept  ramp  injector  was  studied  by  Hartfield  et  al.  [7] 
in  a  Ma  -  2.0  and  a  Ma  =  2.9  nonreacting  flow.  Injection  concentration  measurements,  conducted 
in  cross  flow  planes  with  the  LIIF-method,  clearly  illustrated  the  domination  of  the  mixing  process 
by  streamwise  vorticity  generated  by  the  swept  ramp. 


DETECTION  SCHEMES 


To  perform  these  measurements  with  only  one  experimental  setup  we  used  the  UV-LFP  (UV  laser 
flash  photography)  approach  based  on  tunable  excimer  lasers  and  intensified,  gated  cameras  as 
discussed  by  Koch  et  al.  [10].  In  general  (except  for  the  natural  fluorescence)  the  laser  beam  is 
expanded  by  cylindrical  lenses  to  a  lightsheet  which  crosses  the  flowfield  in  the  plane  of  interest. 
The  various  subsequent  emissions  from  this  area  are  imaged  on  a  highly  sensitive  fast  gated  camera 
system.  Spectral  filtering  of  the  emissions  and  state  selective  excitation  in  the  case  of  LIF  allows  us 
to  determine  the  structure  of  the  flame  and  the  spatial  distributions  of  OH  andO. .  Details  of  the 
different  detection  schemes  are  discussed  elsewhere  (e.g.  [10,11]).  In  the  following  section  we 
briefly  summarize  these  approaches. 

Spontaneous  emission  of  OH  molecules  A  =  0,1  X^n(v”  =  1,0),  excited  by  previous 

collisions  or  chemical  reactions  (natural  fluorescence),  was  used  to  obtain  the  instantaneous  flame 
structure  (reaction  zone  and  post  combustion  zone)  within  the  combustion  chamber.  To  suppress 
unwanted  emissions  from  other  sources,  a  Schott  UG-11  filter  with  maximum  transmission  wave 
lengths  around  325  nm  and  a  bandwidth  of  WO  nm  was  mounted  in  front  of  the  camera.  The 
imaging  time  was  O.l  ms  . 

For  species  and  quantum  state  selective  detection  with  the  laser-induced  fluorescence  approach  the 
pulsed  excimer  laser  has  to  be  tuned  in  order  to  resonantly  excite  a  particular  electronic  transition  of 
a  molecular  species  present  in  the  flow.  The  excited  molecules  may  undergo  subsequent  processes 
like  stimulated  emission,  rotational,  vibrational  and  electronic  energy  transfer,  predissociation  and  a 
fraction  of  the  laser-populated  upper  state  decays  by  spontaneous  emission  of  a  photon  from  the 
upper  to  a  lower  energy  level.  Assuming  weak  excitation  of  an  isolated  transition  and  fluorescence 
emission  into  An  steradians,  the  resulting  temporally  integrated  signal  on  the  CCD  array  is  given  by 
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^21  Qj  +  ^2 
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where  N p  is  the  number  of  photoelectrons  of  the  detector,  the  overall  efficiency  of  the 

detector  (e.g.  transmission  efficiency  of  the  collecting  optics  and  quantum  efficiency  of  the 
photocathode),  O  is  the  collection  solid  angle  and  nis  the  total  gas  number  density.  j\.  j  (T )  is  the 
Boltzmann  population  fraction  of  the  absorbing  state  and  .v,  is  the  mole  fraction  of  the  absorbing 
species  /  .  F.  is  the  collection  volume.  The  overlap  between  laser  and  absorbing  transition  is 
described  by  the  overlap  integral  g,  while  are  the  Einstein  rate  coefficients.  E^.  is  the 

spectral  laser  pulse  energy,  is  the  total  quenching  rate  and  P,  is  the  rate  of  predissociation 
which  has  to  be  taken  into  account  if  repulsive  upper  states  cause  dissociation  of  the  excited 
molecules.  If  the  predissociation  rate  dominates  the  fluorescence  yield  0  =  /  (Ay  +  Q,  +  P,)  ), 

the  fluorescence  signal  can  be  assumed  to  be  unaffected  by  collisions  within  a  certain  pressure  range 
[11].  Therefore,  the  signal  Np  is  proportional  to  the  quantum  state  specific  number  density  n,  of 
tbe  excited  molecules. 

The  temperature  can  be  determined  from  the  relative  Boltzmann  fractions  in  the  ground  electronic 
state  by  exciting  two  transitions  from  different  ro-vibrational  states  within  the  same  electronic 
system  and  calculating  the  fluorescence  ratio  -  N pjjN and  the  temperature  on  a  pixel  by 
pixel  basis. 


E,{V.J")-E 

- 

Implicit  is  the  assumption  that  the  primary  temperature  dependence  results  from  the  Boltzmann 
fractions  and  that  the  various  spectroscopic  terms  are  independent  from  T  and  can  be  summarized 
with  other  optical  parameters  by  a  constant  C . 

In  case  of  a  spatial  and  temporal  constant  oxygen  mole  fraction  (as  given  for  the  nonreacting  flow 
without  hydrogen  injection),  the  pressure  can  be  calculated  on  a  pixel  by  pixel  basis  by  rearranging 
equation  (1 )  and  using  the  equation  of  state  for  perfect  gases  to  express  the  total  number  density  n . 


p^C 


(3) 


Slip,,  the  measured  fluorescence  signal  in  [counts]  when  exciting  a  singular  oxygen  quantum 
state,  Tis  the  temperature  calculated  from  equation  (2)  and  C  is  a  calibration  constant  which 
summarizes  all  constant  optical,  spectroscopic  and  setup  parameters.  The  Boltzmann  population 
fraction  /  (r)of  the  absorbing  state  can  be  calculated  from  known  spectroscopic  parameters  and 
the  previously  calculated  temperature. 


Hydroxyl  Radical 

Laser-induced  fluorescence  of  OH  is  performed  using  248  nm  KrF-excimer-laser  light  to  excite  the 
strongest  line  within  the  tuning  range,  A  ' I"  (v' -  3)  <r- X  ' n{v”  0),  Pi(8) .  The  excited 
molecules  predissociate  with  the  rate  P  lO'*' s''  [12]  whereas  the  quenchrate  at  atmospheric 
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pressure  is  about  Q  ~  0.5  ■  lO'^ s''  [13-14].  Therefore  only  5%  of  the  excited  molecules  are 
influenced  by  quenching  and  the  OH-LIPF  signal  can  be  considered  '‘quench-free”  at  atmospheric 
pressure.  An  additional  advantage  of  the  probed  v"-0,  J”=  8  state  is  that  its  population  fraction 
shows  only  a  small  temperature  dependance  within  typical  flame  conditions.  The  upper  state 
fluorescence  was  detected  via  a  broadband  Schott  UG-11  transmission  filter.  Subsequent  studies 
showed  that  it  is  better  to  detect  only  the  fluorescence  via  the  (3-2)  band  to  keep  the  systematic  error 
low  which  is  caused  by  vibrational  energy  transfer  in  the  excited  state  to  non-predissociative  levels 
(v-2.  /). 


Oxygen 

Laser-induced  fluorescence  of  O.  is  performed  using  the  193  nm  ArF-excimer-laser  light  to  excite 
several  transitions  within  the  Schumann-Runge  band  system  B  —X  .  The  B-state  of  O,  is 
subject  to  significant  predissociation  with  lifetimes  for  v'  =  0-19  and  J’  =  0-20  varying  from 
1.4-48  ps  [15]  so  that  again  quenching  effects  can  be  neglected  in  these  measurements.  To  obtain 
the  averaged  temperature  due  to  the  described  two-line  approach,  we  excited  successively  the 
transitions  v'  =  10  <r-  v"  -  2,  A(/7)  and  v'  =  14  v"  =  3,  Bj{7) .  Of  course,  implicit  in  the 
described  approach  is  the  limitation  that  excitation  from  v"  =  2andv*'  =  3  detects  only  "hot" 
oxygen  molecules;  but  as  Koch  [10]  pointed  out,  this  is  still  possible  at  temperatures  as  low  as 
600  K  and  pressures  of  200  mbar  .  The  imaging  of  the  O,  emissions,  which  are  strongest  around 
200  to  250  nm,  was  done  via  two  45°  dielectrically  coated  mirrors  with  high  reflectivity  (>  90%)  at 
210  nm  and  a  bandwidth  of  about  20  nm.  Another  0°  mirror  with  high  reflectivity  at  193  nm  was 
mounted  in  front  of  the  UV  lens  to  block  diffusely  scattered  light  and  Rayleigh  scattering 
originating  from  the  flame. 


Calibration 

As  previously  outlined,  the  two-line  approach  follows  the  idea  to  compare  the  population  density  of 
two  singular  quantum  states  and  to  calculate  the  temperature  from  the  density  ratio  via  the 
Boltzmann  equation.  Consequently,  line  ratios  at  known  temperatures  have  to  be  measured  in  a 
reference  object  which  simulates  the  expected  temperature  range  of  the  object  under  investigation, 
to  calibrate  the  measurement  and  to  determine  the  constant  C  from  equation  (2).  For  the  nonreacting 
flow  studies,  a  hot  fan  and  a  heated  cell  {600  K  <T  <  1  lOOK^  were  used  as  calibration  objects.  To 
get  the  line  ratios,  numerous  oxygen  excitation  spectra  like  those  shown  in  Fig.  1  were  recorded. 

In  Fig.  1,  it  can  clearly  be  seen  that  the  line  ratio  of  the  transitions  v"  =  2,  P{l7)  and  v"  =  3,  R(7 ) 
varies  by  400  to  500%  with  increasing  temperature  from  680  K  to  1035  K .  Consequently,  the 
temperature  sensitivity  of  this  line  pair  is  quite  high.  The  obtained  accuracy  of  the  calibration 
measurement  was  3.5%  when  averaged  over  5  lasershots. 
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Figure  1.  Oxygen  excitation  spectrum  within  the  Schumann-Runge  band  system 

^  by  LIPF  at  193  nm  (ArF-laser)  at  a  pressure  of  /  bar  and  a  temperature  of 
680  K  and  1035  K  . 


To  set  the  pressure  measurement  on  an  absolute  scale  the  calibration  constant  C  in  equation  (3) 
has  to  be  determined.  Therefore,  the  pressure  has  to  be  known  at  a  certain  point  within  the 
measurement  field,  e.g.,  by  a  measurement  with  an  independent  technique.  Otherwise,  equation  (3) 
has  to  be  normalized  to  give  the  relative  pressure  distribution.  To  perform  the  described  in  situ 
calibration  in  the  nonreacting  flow  studies  we  used  the  inactive  hydrogen  injection  nozzle  to 
determine  the  static  pressure  behind  the  ramp. 


EXPERIMENTAL  APPARATUS 


Model  Combustion  Chamber 

A  complete  schematic  of  the  scramjet  model  combustor  is  given  in  Fig.  2.  Flow  is  from  left  to  right. 
Vitiated  air  ( 7]  ~  1375  K,  -  6.7  bar )  expands  in  a  two  dimensional  Laval-nozzle  and  enters  the 
combustor  at  a  Mach  number  of  Ma  =  1.9,  a  static  temperature  of  T  =  850  K  and  a  static  pressure 
of  0.96  bar  .  The  rectangular  combustor  consists  of  an  exchangeable  injection  module  and  a  3° 
divergent  expansion  duct,  both  with  optical  access  from  all  sides  at  different  axial  locations.  The 
complete  structure  is  uncooled,  which  limited  the  burning  time  of  the  combustor  to  about  15 
seconds.  Details  of  the  injection  module  and  the  swept  ramp  are  shown  in  Fig.  3.  The  geometry  of 
the  ramp  is  similar  to  that  described  in  reference  [3]  (ramp  angle:  (p-  11° ,  ramp  width  at  the  end  of 
the  injector  block:  b~  10  mm),  but  the  injector  nozzle,  which  is  integrated  in  the  ramp,  can  be 
replaced  to  investigate  different  injection  Mach  numbers.  In  all  experiments  reported  in  this  paper 
hydrogen  was  injected  at  a  Mach  number  of  Ma^^  —  ^  b ,  but  the  total  hydrogen  pressure  /?,  has 
been  varied  from  4.5  <  p,  <35  bar  to  vary  the  expansion  ratio  as  well  as  the  equivalence  ratio. 
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Figure  2.  Schematic  of  the  scramjet  model  combustion  chamber. 


9.1 


Injector  module 
cross  section 


Figure  3.  Schematic  of  the  injector  module  with  the  swept  ramp  and  the  exchangeable  fuel 
injector  nozzle. 


LIF  /  UPF  Setup 

Figure  4  shows  a  schematic  of  the  LIF/LIPF  arrangement  used  for  two  dimensional  concentration 
and  temperature  measurements.  A  tunable  excimer  laser  (1),  (Lambda  Physik  EMG  150  T-MSC)  is 
used  to  produce  a  25x5  mm  laser  beam  (2)  at  the  ArF-transitions  (~  193  nm)  or  the  KrF- 
transitions  [--248  nm).  The  pulse  duration  is  20  ns  and  its  energy  is  about  110  mJ  in  the  ArF 
mode  and  250  mJ  in  the  KrF  mode.  The  beam  passes  a  calibration  section  (3-4),  some  plane 
mirrors  (5),  cylindrical  lenses  to  form  the  laser  sheet  (6),  an  adjustable  slit  (7)  0,5  to  2  mm  wide 
and  25  mm  in  length  and  finally  enters  the  test  section  as  a  sheet  with  the  slit  dimensions.  The  laser 
sheet  passes  through  the  combustion  chamber  (8)  from  bottom  to  top  or  vice  versa,  to  get  additional 
information  of  laser  beam  absorption.  The  induced  light  emissions  from  the  area  of  interest  (see 
shaded  area  in  Fig.  4)  leave  the  test  section  through  the  side  windows.  The  light  emissions  to  be 
imaged  are,  if  necessary,  filtered  with  a  combination  of  dielectrically  coated  mirrors  (9),  (see 
chapter  “detection  schemes”)  and  additional  transmission  filters  (9),  to  reduce  scattered  light  at  the 
laser  wavelength.  The  two-dimensional  fluorescence  distributions  are  imaged  onto  a  photometric 
digital  camera  (11)  (LaVision  Flamestar  H),  via  a  105  mm  f/#4.5  Nikkor  UV  lens  (10).  The 
Flamestar  camera  system  consists  of  an  UV  sensitive  high  gain  image  intensifier  (S20  photocathode. 
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P20  phosphor)  fibroptically  coupled  with  the  CCD-chip  (Thomson  TH7863).  The  intensifier  is 
gated  for  50  to  500  ns  after  each  laser  pulse  to  suppress  unwanted  natural  fluorescence.  The 
resulting  grayscale  pictures  are  digitized,  stored  in  a  computer  (12)  and  presented  in  false  colors  on 
an  online  monitor.  Triggering  of  the  laser  and  the  photometric  cameras  as  well  as  controlling  the 
stepmotor  to  tune  the  laser  frequency  is  done  by  a  programmable  input/output  card  of  the  system 
computer  and  an  external  camera  multiplexer  (13). 


Figure  4.  Overall  schematic  of  the  LIF  setup  for  two  dimensional  imaging. 


For  measurement  of  spatial,  state-selective  density  distributions  of  0-,  and  OH  in  the  reacting 
flowfield  of  the  combustion  chamber  fluorescence  images  at  three  different  locations  along  the 
central  plane  and  in  selected  cross  sections  of  the  chamber  were  recorded.  "Cross-sectional’'  images 
were  obtained  by  orienting  the  laser  sheet  perpendicular  to  the  flow  direction.  The  image  was 
viewed  through  the  same  side  window  through  which  the  light  sheet  passed.  The  viewing  angle  of 
the  camera  was  set  to  35°  relative  to  the  plane  of  the  laser  sheet.  Distortion  of  the  aspect  ratio  of  the 
images  was  corrected  by  a  horizontal  spreading  of  the  digitized  images.  To  realize  a  short  overall 
measurement  time,  the  laser  beam  forming  optics  together  with  the  complete  detection  system  are 
mounted  on  a  movable  device,  driven  by  a  computer  controlled  stepmotor.  One  set  of  pictures  was 
recorded  with  the  laser  on-resonance,  the  other  at  off-resonance  condition.  The  off-resonance 
pictures  were  subtracted  from  the  on-resonance  ones.  Laser  beam  profile  correction  was  done  for  all 
images.  Typical  on/off-resonance  ratios  are  in  the  order  of  25  to  4.5  depending  on  the  flame  zone 
and  the  species  under  investigation.  No  attempt  was  done  to  correct  the  images  for  the  Beer’s  law 
absorption  of  the  laser  beam  within  the  combustion  chamber. 


RESULTS  AND  DISCUSSION 

All  images  printed  in  this  paper  are  presented  in  gray  scale  pictures  with  intensity  levels  according 
to  the  scale  given  beneath  the  image.  The  pictures  are  recorded  with  12-bit  accuracy  (0  -  4095 
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counts)  and  a  chosen  intensity  range  is  displayed  in  64  gray  levels.  Lower  and  higher  intensities  are 
grouped  together  to  one  color  (black  or  white). 


Nonreacting  flow  studies 

To  provide  data  for  comparison  and  validation  of  CFD-calculations,  non-intrusive  quantitative 
temperature  and  pressure  measurements  in  the  nonreacting  flowfieid  were  performed  with  the 
approaches  described  in  the  previous  sections  of  this  paper.  The  obtained  averaged  temperature 
distribution  for  the  flowfieid  with  hydrogen  injection,  but  without  combustion,  is  given  in  Fig.  5. 


<  400  600  >  800 


Figure  5.  Temperature  distribution  in  the  central  vertical  plane  of  the  flow  with  hydrogen  injection 
(  Pa  h:  ~  ^  )  but  without  combustion.  The  temp>erature  is  calculated  from  the  relative 

Boltzmann  fractions  in  the  ground  electronic  state  of  oxygen  by  exciting  successively  the  transitions 
\  -  10  V  =  2,  /^{/7)  and  v'  =  14  v”  =  3,  R^{7)  within  the  Schumann- Runge  band  system 
^  ^ g  by  LIPF  at  193  nm .  The  temperature  is  encoded  according  to  the  gray  scale  given 

beneath  the  image. 


Maximum  static  temperatures  are  found  close  to  the  wedge,  where  the  boundary  layer  is  thick  or  has 
separated  from  the  upper  wall.  The  temperature  of  the  air  flow  decreases  from  top  to  bottom  by 
about  200  K  because  of  the  expansion  behind  the  ramp.  Close  to  the  injector  the  black  region 
marks  the  pure  hydrogen  jet  or  mixing  regions  with  very  little  oxygen  concentrations  where  no 
temperature  could  be  measured.  The  temperature  decrease  behind  the  wedge,  caused  by  the  flow 
expansion,  is  clearly  visible  in  Fig.  5,  but  can  not  be  quantified  with  this  approach,  because  the 
population  density  of  the  used  v"  =  5  vibrational  state  is  too  low  at  temperatures  below  600  K  to 
give  sufficient  signal  to  noise  ratios.  Consequently,  at  points  within  the  measurement  field  with  S/R- 
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ratios  below  1.5,  no  temperature  calculation  has  been  performed  and  the  value  of  these  pixels  was 
set  to  zero.  A  temperature  measurement  is  possible  again  further  downstream,  where  the 
temperature  increase  caused  by  the  oblique  compression  shock  becomes  visible  in  the  right  portion 
of  the  measurement  area. 

To  demonstrate  the  feasibility  of  nonintrusive,  two  dimensional  pressure  measurements  in  the 
nonreacting  supersonic  flow  without  hydrogen  injection  and  wedge,  the  temperature  field  was 
determined  (different  from  that  in  Fig.  5)  with  the  two-line  approach.  Then  this  temperature 
information  was  used  to  calculated  the  two-dimensional  distribution  of  the  Boltzmann  population 
fraction  for  one  of  the  two  excited  oxygen  quantum  states  on  a  pixel  by  pixel  basis.  Finally  the 
Boltzmaim  population  fraction  distribution,  the  corresponding  measured  oxygen  number  density 
image  and  the  temperature  field  were  used  to  calculate  the  pressure  distribution  from  equation  (3). 
The  result  of  this  evaluation  process  for  the  combustor  configuration  without  wedge  is  given  in 
Fig.  6. 

An  analysis  of  Fig.  6  shows  that  several  essential  gasdynamical  features  of  the  supersonic  flowfield 
can  be  found  in  the  pressure  distribution.  First,  flow  expansion  behind  the  ramp  is  accompanied  by  a 
decrease  of  the  static  pressure  from  about  1.69  bar  to  about  0.38  bar .  Geometry  of  the  Prandtl- 
Meyer-expansion  (angle  of  the  first  and  the  end-characteristic)  can  be  estimated  from  the  image. 
Second,  maximum  pressure  is  found  in  an  area  15  mm  downstream  of  the  ramp,  where  the 
supersonic  flow  due  to  the  converging  duct  is  getting  slower  accompanied  by  a  static  pressure  rise. 
Finally  as  the  flow  slightly  expands  in  the  divergent  section  of  the  injector  module,  an  additional 
small  pressure  decrease  can  be  found  in  the  streamwise  flow  direction. 


0  1,0  >2,0 


Figure  6.  Static  pressure  distribution  in  the  central  vertical  plane  of  the  flow  within  the  model 
combustor  without  wedge  and  without  hydrogen  injection.  The  pressure  is  encoded  according 
to  the  gray  scale  given  beneath  the  image. 
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Reacting  flow  studies 


To  improve  the  ignition  process,  a  small  wedge  was  mounted  at  the  top  of  the  injection  module  to 
realize  a  "shock  induced  ignition".  Due  to  the  static  temperature  rise  across  the  shock  induced  at  the 
end  of  the  wedge,  the  flame  could  be  ignited  and  stabilized  over  a  wide  range  of  equivalence  ratios 
(0.07  <0<O.6). 

fhe  model  combustor  was  equipped  with  an  exchangeable  injection  module  with  a  swept  ramp  as 
described  earlier.  This  ramp  induces  a  pair  of  counterrotating  swirls  which  transport  the  injected 
hydrogen  from  the  center-axis  plane  towards  the  side  walls  of  the  combustion  chamber.  To  study 
this  three-dimensional  hydrogen-air  mixing  process,  fuel  concentration  profiles  had  to  be 
determined  in  axial  as  well  as  in  cross-sectional  planes.  As  one  of  the  most  important  reaction 
intermediates,  OH  was  chosen  to  indicate  the  combustion  zone  due  to  the  fact  that  the  imaging  of 
hydrogen  with  this  setup  was  not  possible.  The  OH  distribution  in  the  central-axis  plane  of  the  flow 
as  well  as  in  four  cross-sectional  planes  was  recorded  with  LIPF  and  combined  to  a  three- 
dimensional  map  of  the  flame,  shown  in  Fig.  7. 

By  looking  at  the  distribution  of  the  OH  radicals  in  the  measuring  planes  8,  13,  18  and  23  mm 
downstream  of  the  injection  point,  the  dominant  influence  of  the  induced  swirls  on  the  flame  can  be 
seen.  After  mm,  the  flame  fills  the  width  of  the  injectior  module  and  is  extinguished  by  the 
expansion  behind  the  wedge  at  about  x=23  mm.  Downstream,  the  flame  is  relighted  by  the 
recompression  shock  structure  from  the  wedge.  In  this  part  of  the  model  combustor,  the  flame 
nearly  fills  the  total  height.  This  sudden  expansion  of  the  flame  after  a  shock/shear-layer  interaction 
is  also  found  in  the  work  of  Menon  [16]  and  shows  that  the  oblique  shock  impinges  on  the  mixing 
boundary  layer  and  enhances  its  spreading. 


Figure  7.  Spatial  flame  structure  within  the  model  combustor  indicated  by  the  distribution  of 
the  OH  molecules  ( -  29.5  bar,  (p  =  0.48 ).  The  images  are  averaged  over  50  lasershots. 
The  emission  intensities  are  encoded  according  to  the  gray  scale  given  beneath  the  image. 
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CONCLUSIONS 


The  investigation  of  the  nonreacting  and  reacting  flowfield  of  a  scramjet  model  combustor  with 
swept  ramp  injector  by  nonintrusive  two-dimensional  fluorescence  measurements  can  be 
summarized  as  follows: 

1.  Quantitative,  two-dimensional,  averaged  temperature  and  pressure  distributions  achieved  by 
sequential  excitation  of  two  ro-vibronic  states  of  allow  a  detailed  study  of  the  gasdynamical 
features  of  the  nonreacting  flowfield  within  the  model  combustor. 

2  The  structure  of  the  supersonic  hydrogen-air  diffusion  flame,  characterized  by  the  spatial 
hydroxyl  radical  distribution,  is  dominated  by  the  vortical  induced  mixing  process,  generated  by 
the  three-dimensional  flow  around  the  swept  ramp. 

3  Mixing  can  be  further  improved  by  a  shock^shear-layer  interaction. 
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COMMENTS 

G.  Smeets,  French-German  Research  Institute  of  Saint-Louis,  France:  Which  was  the  static 
temperature  of  the  air  at  the  entrance  of  the  combustor? 

Author’s  reply:  The  air  enters  the  combustor  at  a  static  temperature  of  T=900K, 
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GAS  TEMPERATURE  MEASUREMENTS  IN  A  FLAT  FLAME 


BY  TUNABLE  DIODE  LASER  SPECTROSCOPY 


by  M.  Charpenel,  C.  Brossard 

ONERA,  Energetics  Department,  Fort  de  Palaiseau,  91120  Palaiseau,  France 


ABSTRACT  Due  to  their  very  fine  spectral  linewidth,  lower  than  10'^  cm  ’,  tunable  infrared 
diode  lasers  offer  the  opportunity  to  explore  the  whole  absorption  line  profile  of  a  chemical  species, 
even  for  very  narrow  lines  existing  in  low-pressure  environments.  Therefore,  its  temperature  and 
absolute  density,  averaged  along  the  laser  beam  path,  can  be  calculated,  if  the  molecular  properties 
are  known,  by  using  the  Beer-Lambert  law  of  radiation  absorption.  In  this  investigation,  the  Tunable 
Diode  Laser  Spectroscopy  (TDLS)  technique  was  applied  to  measure  the  temperature  profile  in  a  one¬ 
dimensional,  low-pressure  (5700  Pa),  premixed  H2/C0/02/Ar  flat  flame.  For  this  purpose,  a  pair  of 
two  spectrally  adjacent  absorption  lines  of  carbon  monoxide  was  used.  The  concentration  profile  of 
this  species  could  then  also  be  deduced  from  the  measurements. 

To  achieve  high  accuracy  in  the  temperature  measurement,  the  difference  between  the  values  of  the 
lower  energy  level  for  the  two  selected  rovibrational  transitions  should  be  as  high  as  possible.  In 
order  to  satisfy  this  condition,  as  well  as  to  provide  a  sufficient  absorption  in  the  broad  range  of 
temperature  investigated  (4(X)  -  1400  K),  the  pair  of  two  adjacent  lines  1-2  P(35)  and  0-1  P(40)  of 
carbon  monoxide,  respectively  located  at  1963.6607  and  1963.7290  cm  ’,  was  chosen.  One  of  the 
major  TDLS  problems,  the  Fabry- Perot  effects  due  to  lens  reflection,  was  avoided  by  using  an 
optical  setup  based  on  metallic  mirrors  instead  of  lenses.  This  optical  arrangement  allowed  a  2  mm 
measurement  spatial  resolution  along  the  burner  axis.  This  value  was  shown  to  cause  a  temperature 
overestimation  by  only  5  %  in  the  lower  and  also  steeper  part  of  the  profile. 

The  highest  measured  temperature  was  1420  K,  at  a  location  of  about  2.5  cm  above  the  burner 
surface.  The  level  of  temperature  in  the  experimental  profile  was  lower  than  in  the  theoretical  profile. 
This  was  attributed  to  the  cooling  effect  caused  by  both  two-dimensional  heat  transfer  and  radiation 
heat  losses  from  the  flame.  These  effects  were  not  accounted  for  in  the  theoretical  model.  The 
analyzed  pair  of  absorption  lines  provided  accurate  temperature  measurements  (+  3.7  %)  in  the 
whole  axial  flame  profile,  but  the  absorption  level  was  unsufficient  to  allow  the  measurement  of  the 
CO  concentration  in  the  lower  part  of  the  profile. 


1.  INTRODUCTION 

Tunable  infrared  Diode  Lasers  provide  the  means  to  perform  extremely  high  resolution  absorption 
Spectroscopy  (TDLS)  on  a  wide  variety  of  molecules,  and  to  measure  their  absolute  density  averaged 
along  the  laser  beam  pathlength.  Because  it  is  quite  simple  to  use,  this  technique  is  attractive  in 
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many  remote  sensing  applications,  especially  in  combustion  environments,  and  has  been  used  for 
several  years  (1-41. 

A  diode  laser  is  a  semi-conductor  element  based  on  a  lead  salt,  such  as  Pb  Sn(x)  Te(l-x),  whose 
nature  and  composition  (x)  both  determine  the  working  spectral  range  of  the  diode.  The  emission 
wavelength  for  the  currently  available  infrared  diode  lasers  ranges  from  3  to  30  fim  (or  300  to  3000 
cm  '  in  terms  of  the  wavenumber  range).  For  a  given  diode  laser,  the  tuning  interval  of  the  emission 
wavenumber  is  about  40  cm  ' .  This  tuning  is  obtained  via  the  polarization  current  strength  variation, 
which  produces  a  responding  variation  of  the  diode  temperature.  The  laser  emission  composes  of 
several  modes,  separated  by  1  to  2  cm',  whose  power  output  varies  between  100  and  500 
microwatts.  The  most  important  feature  of  these  modes  is  a  very  fine  spectral  linewidth,  lower  than 
10^  cm  '.  For  comparison,  the  spectral  resolution  of  a  classical  spectrometer  is  about  10  '  cm  '.  This 
feature  offers  the  opportunity  to  explore  the  whole  absorption  line  profile,  even  for  very  narrow  ones 
existing  in  low-pressure  environments.  Therefore,  by  using  the  Beer-Lambert  law  of  radiation 
absorption,  the  density  of  the  absorbing  species  can  be  calculated  if  the  following  parameters  are 
known:  1.  the  line  strength  at  a  reference  temperature,  2.  the  laser  beam  pathlength  across  the 
flame,  and  3.  the  gas  temp)erature. 

In  this  paper,  the  experimental  setup  and  the  data  reduction  and  analysis  are  described,  and  some  of 
the  results  obtained  by  Brossard  are  reported  [3].  The  TDLS  technique  was  applied  to  measure  the 
temperature  profile  in  a  one-dimensional,  low-pressure  (5700  Pa),  premixed  UtlCOIOjIAi  flat  flame. 
For  this  purpose,  a  pair  of  two  spectrally  adjacent  absorption  lines  of  carbon  monoxide  was  used. 
The  concentration  profile  of  this  species  could  then  also  be  deduced  from  the  measurements. 

The  burner  setup,  briefly  described  below,  provided  a  stable  and  reproducible  experimental 
configuration.  It  was  also  equipped  with  a  probe  sampling  mass  spectrometer,  in  order  to  measure 
the  different  stable  species  concentration  profiles.  Some  of  the  results  obtained  by  this  technique  for 
carbon  monoxide  concentration  are  included  in  this  paper  for  comparison  with  the  TDLS  results. 
The  complete  results  for  all  species  are  reported  in  [3]. 


2.  FLAT-FLAME  BURNER  SETUP  AND  FLAME  FEATURES 

The  flat- flame  burner  consists  of  a  cylindric  35  mm  in  diameter  bundle  of  90  mm  long  stainless  steel 
tubes  (1  mm  internal  diameter).  The  bundle  is  surrounded  by  a  sintered  porous  bronze  shroud  ring 
of  10  mm  width.  This  ring  was  used  to  provide  a  surrounding  argon  flow,  in  order  to  isolate  the 
flame  from  the  burnt  gases  flow  inside  the  burner  chamber  and  to  limit  the  edge  effects  on  the  flame. 
The  value  of  the  argon  flow  velocity  was  chosen  at  the  value  of  the  flame  cold  unbumt  gases  velocity 
at  the  burner  surface.  The  burner  was  enclosed  in  a  low-pressure  cylindrical  chamber  made  of 
"Altuglas"  material  (475  mm  height,  18.4  mm  thickness  and  396  mm  internal  diameter).  The  burner 
could  be  translated  vertically  along  its  axis  on  a  100  mm  distance,  thus  avoiding  any  displacement 
ot  the  optical  setup  when  a  flame  profile  was  being  investigated.  The  passage  of  the  infrared  diode 
laser  beam  was  obtained  by  two  opposite  fluorspar  windows.  These  windows  were  located  very  close 
to  the  burner  (80  mm  distance  between  the  two  windows),  in  order  to  avoid  any  undesirable 
absorption  along  the  laser  beam  optical  pathlength  across  the  burnt  gases  flow  inside  the  chamber. 

The  value  of  the  cold  unbumt  gases  mixture  mass  flowrate  was  7.7x10'^  g.s  '  at  a  chamber  pressure 
of  5700  Pa.  The  following  composition  (in  mole  fraction)  of  this  mixture  was  chosen  to  simulate  the 
composition  of  the  combustion  products  of  a  homogeneous  propellant: 
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H2 

0.1143 


CO 

0.1820 


O2 

0.1400 


Ar 

0.5637 


Argon  was  chosen  for  the  diluent  species  instead  of  nitrogen,  in  order  to  increase  the  tlame 
temperature,  and  to  simplify  the  reaction  mechanism  involved  in  the  investigated  tlame  by  avoiding 
the  production  of  nitrogen  oxides. 


3.  CO  ABSORPTION  SPECTROSCOPY 

In  this  investigation,  the  diode  laser  was  used  as  an  energy  source,  whose  absorption  by  gaseous 
carbon  monoxide  was  analyzed.  The  spectral  resolution  of  the  laser  emission  allowed  an  accurate 
record  of  the  whole  absorption  line  spectral  profile.  In  the  infrared  spectrum,  the  absorption  lines 
correspond  to  rovibrational  energy  transitions.  Information  on  the  temperature  is  mainly  contained 
in  the  strength  of  the  absorption  line.  Assuming  a  Maxwell-Boltzmann  distribution,  i.e  the 
molecules  are  in  thermal  equilibrium  at  the  temperature  T,  the  ratio  of  the  areas  A1  and  A2 
respectively  of  two  absorption  lines  1  and  2  observed  simultaneously,  and  centered  in  spectral 
positions  very  close  to  one  another,  is  given  by; 

A1  SI  SI 

(T)  =  —  (T)  (Ts)[  x(Ts)  -  (T)]  (1) 

A2  S2  S2 


where  S  is  the  line  strength,  and  Ts  is  a  reference  temperature. 
X  (T)  is  the  temperature  sensitivity  factor  defined  by: 


E"1  -  E"2 

X  (  T  )  =  exp  ( - ) 

kT 


(2) 


where  E”  is  the  lower  energy  level  of  the  transition,  and  k  is  the  Boltzmann  constant. 

Equation  (1)  can  be  used  to  deduce  the  temperature  T  from  the  experimental  record  of  the  spectral 
profiles  of  the  two  transmission  lines,  the  values  of  the  line  strengths  at  the  reference  temperature 
Sl(Ts)  and  S2(Ts)  being  known.  This  method  is  named  the  "two  lines  method"  [1-5]. 

Once  the  temperature  T  is  determined  by  this  method,  the  strength  of  one  of  these  lines  for  this 
temperature  can  be  calculated,  by  using  the  Maxwell-Boltzmann  distribution  law.  The  value  of  the 
mole  fraction  X  of  the  absorbing  species  (carbon  monoxide  in  this  investigation)  can  then  be 
deduced  from  the  relation: 


A  (  T  )  =  X  P  S  (  T  )  (3) 


Relation  (3)  expresses  the  proportionality  of  the  absorption  line  area  with  the  line  strength,  the  mole 
fraction  X  and  the  pressure  P. 

In  practice,  it  is  more  accurate  to  calculate,  thanks  to  a  least-squares  method,  the  theoretical 
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spectrum  ot  the  two  absorption  lines  corresponding  to  the  experimental  spectrum,  by  adjusting  the 
temperature  and  concentration  to  be  identified.  The  application  of  this  method  requires  the 
knowledge  of  input  data  tor  the  Lorentz  collisional  broadening  coefficients,  in  order  to  calculate  the 
value  ot  q!l,  the  Lorentz  Halt- Width  at  Halt-Maximum  (HWHM)  broadening.  This  broadening  is 
given  by: 


«  l(  T  )  -  L,  ,  X,  P  (Tr  /  T  ) 


(4) 


where:  o^L.k  is  the  Lorentz  HWHM  per  pressure  unit,  at  the  reference  temperature  Tr,  due  to  the 
broadening  by  the  species  k;  Xi,  is  the  mole  fraction  of  the  species  k;  yk  is  the  temperature 
dependence  factor. 

However,  the  exact  values  corresponding  to  the  broadening  by  the  stable  species  existing  in  the 
tlame  gases  (H2,  O2,  H2O,  CO2  and  Ar)  are  still  uncertain.  The  values  available  in  the  literature 
reveal  a  significant  scatter,  especially  for  the  temperature  dependence  factor,  for  which  only  a  few 
references  were  found.  The  values  used  in  this  investigation  are  given  in  table  I  [3,  6-14].  For 
each  measurement  height  location  above  the  burner  surface,  the  values  of  the  species  mole  fractions 
in  the  relation  (4)  were  set  to  the  values  calculated  by  an  aerothermochemical  code  [15], 


Table  1 

Values  of  Lorentz  broadening  coefficients  used  (Tr  =  300  K)  [3]. 
J  is  the  lower  rotational  level  in  the  transition 


Ch 

1  H,0 

1  CO, 

1  H, 

1  Ar 

CO 

atm*) 

J  =  35 

41  g 

36.9 

■ 

■ 

7k 

J  =  35 

0.5 

0.5 

0.6 

0.6 

a  Li 

{10-^  oh'. 
atm'*) 

3  =  40 

39.7 

82.1 

35.0 

61.66 

26.66 

36.10 

Yk 

J^40 

0.515 

0.577 

■ 

0.5 

0.6 

0.6 

4.  CHOICE  OF  THE  PAIR  OF  CO  ABSORPTION  LINES 

To  achieve  high  accuracy  in  the  temperature  measurement,  the  most  appropriate  pair  of  absorption 
lines  has  to  be  determined.  The  following  selection  criteria  were  applied  [4-5]: 

*  The  value  of  the  spectral  interval  separating  the  two  line  central  positions  should  be 
optimized.  On  the  one  hand,  it  should  be  lower  than  1  cm so  that  the  two  lines  could  be 
recorded  on  the  same  diode  emission  mode.  On  the  other  hand,  it  should  exceed  the  linewidth 
in  order  to  avoid  lines  overlapping. 
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*  The  absorption  line  strength  should  be  sufficient  for  each  of  the  two  lines  in  the  temperature 

range  investigated. 

*  The  spectrum  should  not  include  any  atmospheric  water  absorption  line  in  the  vicinity.  Such 

lines  are  very  wide  and  could  overlap  the  analyzed  lines. 

*  The  difference  between  the  values  of  the  lower  energy  level  for  the  two  selected  rovibrational 
transitions  should  be  as  high  as  possible,  in  order  to  increase  the  temperature  measurement 
accuracy.  A  criterion  suggested  by  Ouyang  and  Varghese  is  that  the  temperature  sensitivity 

factor  x(T)  should  be  greater  than  1  (5). 

The  proper  choice  is  difficult,  since  it  depends  on  the  measured  values,  which  are  initially 
unknown.  The  characteristics  of  six  pairs  of  lines  fitting  the  selection  criteria  are  given  in  table  2. 
The  percentage  of  absorption  in  CO/air  mixtures  at  P  =  5000  Pa  was  calculated  at  the  line  center 
wavenumber  oq  for  three  different  temperature  levels:  500  K,  1000  K  and  2000  K.  A  lower  value 
of  the  CO  mole  fraction  was  used  for  2000  K,  in  order  to  simulate  the  combustion  of  CO  in  the 
flame.  The  spectroscopic  data  for  CO  were  obtained  from  the  data  bases  available  at  the  Physics 
Department  of  ONERA  [2].  The  absorption  line  strengths  are  known  with  an  accuracy  of  about  + 
3  %  [16].  The  three  pairs  of  lines  centered  at  a  wavenumber  greater  than  2000  cm  ’  ejiibit  a  better 
measurement  sensitivity  at  high  temperatures  (higher  values  of  x(T)).  However,  these  absorption 
lines  are  based  on  the  vibration  level  2;  therefore,  their  absorption  level  becomes  very  weak  at  low 

Table  2 

Comparison  of  six  pairs  of  CO  lines  characteristics.  Absorption  level  calculated  in  CO/air 

mixtures  at  P  =  5000  Pa  [3] 


Pair 

Number 

Lower 

Vibrational 

Level 

Line  center 
Wavenumber 

Go  (cnf‘) 

Lower 

Energy 

Level 

of 

Transition 

E"  (on*) 

Temperature 

Sensitivity 

Factor 

X(  1500  K) 

Temperature 

Sensitivity 

Factor 

X(2000  K) 

Absorption  Level  at 

Xco-0.14  Xoo»0.14 

T-500K  T-IOOOK 

Oo  (%) 

Xa3  =  0.0I 

T-2000K 

■ 

0 

1953.4496 

3452.1573 

1.302 

0,977 

0.761 

22.7 

mm 

■ 

1953.7452 

4809.6553 

0.251 

5.66 

1.84 

2 

0 

1958.6038 

3292.4744 

— 

mm 

27.9 

mm 

1 

1958.7178 

4669.9210 

■i 

6.76 

1.99  1 

3 

0 

1963.7290 

3136.5105 

1.005 

34.2 

mm 

■I 

1 

1963.6607 

4533.8993 

0.479 

7.98 

2.13 

H 

1 

2034.1355 

2942.3033 

1.644 

1.233 

3.18 

45.5 

BS 

■ 

2 

2034.4086 

4656.1731 

0.0240 

4.05 

1.18 

■ 

1 

2038.5827 

2866.2980 

1.666 

1.250 

3.76 

48.3 

fm\ 

■ 

2 

2038.6253 

4603.3896 

0.0260 

406 

1.15 

6 

1 

2042.9977 

2794.0748 

1.688 

1.266 

4.39 

50.9 

ra 

2 

2042.8089 

4554.3678 

0.0276 

403 

m\ 

temperatures.  This  property  could  exclude  the  opportunity  to  measure  the  complete  temperature 
profile.  Consequently,  the  pair  of  lines  number  3  of  table  2,  whose  spectroscopic  denominations 
are  1-2  P(35)  and  0-1  P(40)  for  the  lower  vibrational  levels  1  and  0  respectively,  were  selected. 
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Their  respective  strengths  at  296  K  are  8.498x10'^^  and  1. 661x10'^’  cm. molecule  '.  The  variation 
with  temperature  of  the  strengths  ratio  S1/S2  for  these  two  lines  exhibits  an  inflexion  point  at  T* 
=  1005  K,  corresponding  to  a  temperature  sensitivity  factor  x  (T*)  equal  to  2.  T^  is  the 
temperature  level  at  which  the  two-lines  method  is  the  most  accurate  |3J. 


5.  DESCRIPTION  OF  THE  OPTICAL  SETUP 

A  schematic  top  view  of  the  optical  arrangement  is  shown  in  Fig.  1 .  This  arrangement  included 
only  metallic  mirrors.  Indeed,  lens  reflection  could  generate  feedback  (energy  return  to  the  diode) 
or  Fabry- Perot  effects,  which  could  affect  the  quality  of  the  signals. 

The  diode  laser  was  placed  at  the  focal  point  of  an  off-axis  parabolic  mirror  with  a  focal  length  of 
r  =  200  mm  and  a  reception  diameter  of  55  mm.  The  use  of  a  long  focal  length  was  related  to 
the  small  emission  solid  angle  observed  for  some  diodes  in  a  previous  study  [2]:  it  allowed  a 
sufficient  coverage  of  the  52  mm  side  grooved  surface  of  the  monochromator  grating.  The  blaze 
wavelength  of  the  150  lines/mm  grating  is  10  /zm  in  the  first  order  (blaze  angle  =  48.6  “).  The 
image  of  the  interference  figure  was  formed  in  the  plane  of  a  slit  by  a  40  mm  diameter  spherical 
mirror  with  a  focal  length  of  490  mm.  The  slit  was  used  to  spectrally  isolate  an  emission  mode. 


sphencal  mirror 
fSfOO 


fZl4« 


j  par^xiiic  imiTor 
r'i20o 

PM  =  Plane  Mirror 


Figure  1  Schematic  top  view  of  the  optical  arrangement  (focal  length  values  are  indicated  in 
mm)f31. 

The  spectral  resolution  was  determined  by  its  aperture,  which  was  set  according  to  the  spectral 
interval  separating  two  adjacent  modes  of  the  dirxle  laser.  The  resolution  could  be  increa.sed  to  0.5 
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cm  '  while  preserving  an  acceptable  signal-to-noise  ratio.  The  image  of  the  slit  was  formed  in  the 
flame  axis  by  a  spherical  mirror  with  a  140  mm  focal  length.  The  image  of  the  pupil, 
materializedby  this  mirror,  was  formed  on  the  active  surface  of  an  HgCdTe  infrared  detector  by  a 
spherical  mirror  with  a  100  mm  focal  length.  This  active  surface  is  a  2  mm  diameter  disk,  whose 
detectivity  is  uniform  in  a  frequency  band  ranging  from  10^  to  10^  Hz.  The  detector  was  associated 
with  a  preamplifier  equipped  with  analog  high-pass  and  low-pass  filters  with  cutoff  frequencies  of 
72  Hz  and  400  kHz,  respectively.  This  latter  value  was  sufficiently  high  to  prevent  any  signal 
distortion  [3]. 

After  preamplification  and  filtering,  the  signals  delivered  by  the  infrared  detector  were  amplified 
in  a  0-2  V  range;  they  were  then  acquired  and  12-bit  digitized  at  a  sampling  rate  of  1  MHz  by  a 
Metrabyte  DAS  50  card.  The  acquisition  bursts  were  triggered  by  each  rising  edge  of  a  reference 
signal  synchronized  with  the  diode  laser  polarization  current  signal.  Any  desired  number  of  bursts 
could  be  recorded.  The  acquisition  time  per  burst  could  be  chosen  at  any  value  less  than  or  equal 
to  the  polarization  current  modulation  period. 

The  parabolic  mirror,  the  two  spherical  mirrors  located  on  either  side  of  the  slit  and  the  detector 
were  mounted  on  precision  3-D  positioners  in  order  to  ensure  the  reproducibility  of  the  adjustments. 
The  grating  was  mounted  on  a  DC  motor  driven  precision  rotator  (resolution  of  0.(X)1  °). 

Prior  to  the  optical  alignment  for  the  diode  laser  infrared  beam,  a  first  alignment  was  carried  out 
by  using  a  visible  helium  neon  laser  beam  oriented  by  a  beam-splitter  cube.  This  laser  was  also 
used  to  precalibrate  the  monochromator  by  an  original  method  developed  at  ONERA  [3].  The 
adjustments  were  then  refined  for  the  infrared  diode  laser  beam  by  using  the  precision  positioners. 

The  time  variation  of  the  recorded  transmission  signal  was  converted  into  a  wavenumber  variation 
by  using  a  Fabry-Pdrot  interferometer.  This  interferometer  was  placed  into  the  optical  arrangement 
when  the  burner  was  not  active.  It  consists  of  a  2.5012  cm  thick  cylindrical  germanium  bar  with 
parallel  surfaces.  The  interfringe  is  equal  to  approximately  0.05  cm  but  its  exact  value  depends 
on  the  wavelength  and  the  germanium  refractive  index  variation  with  temperature.  Based  on  the 
monochromator  calibration  curve,  the  identification  of  the  pair  of  CO  lines  was  verified  by 
measuring  the  spectral  interval  between  the  two  line  centers,  deduced  from  the  Fabry-P^rot  signal. 

In  order  to  estimate  the  measurement  spatial  resolution  along  the  burner  axis,  the  height  of  the 
optical  beam  passing  across  the  flame  was  measured  by  moving  the  burner  surface  at  several 
locations,  in  order  to  create  different  beam  cutting  conditions.  A  3  mm  total  height  was  estimated; 
however,  about  90  %  of  the  beam  radiation  intensity  was  concentrated  within  2  mm. 


6.  LASER  EMISSION  FEATURES 

Temperatures  in  the  cryogenic  range  (typically  lower  than  50  K)  are  required  to  operate  the  infrared 
diode  lasers,  in  order  to  sufficiently  reduce  the  radiation  losses  by  absorption  inside  the  crystal. 
The  diode  laser  was  placed  inside  the  cold  head,  cooled  by  an  helium  gas  compression  /  expansion 
cycle  at  a  3  Hz  frequency.  Due  to  the  low  thermal  conductivity  of  the  diode,  the  wavenumbers  of 
the  emitted  modes  are  very  sensitive  to  the  temperature  ( 1  to  4  cm  '.K  ').  Therefore,  a  very 
accurate  stabilization  of  the  diode  temperature  was  achieved  (±  3x10^  K  for  a  temperature  level 
lower  than  25  K). 

An  infrared  diode  laser  (Muetek  MDS  2020)  was  selected  among  four  ones,  in  order  to  record  the 
two  investigated  absorption  lines  over  a  high-quality  emission  mode.  The  value  of  the  diode  laser 
central  emission  wavenumber  was  1939  cm  '.  Its  tuning  interval  was  large  (1888  -  1991  cm  *)  and 
corresponded  to  a  diode  temperature  level  ranging  from  25  K  to  50  K.  The  tuning  interval  of  the 
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selected  mode  was  2.7  cm  V  It  was  separated  from  the  two  adjacent  modes  by  wavenumber 
intervals  of  2.6  and  2.9  cm  ^  These  values  were  higher  than  the  typical  values  specified  by  the 
manufacturer.  This  was  an  advantage,  because  the  spectral  resolution  of  the  monochromator  could 
be  decreased  without  affecting  the  isolation  of  the  selected  mode.  Therefore,  the  transmitted  diode 
laser  radiation  intensity  was  increased  by  using  a  higher  value  of  the  slit  aperture.  This  value 
corresponded  to  a  spectral  resolution  of  1  cm  ',  which  was  only  0.4  time  the  distance  to  the  closest 
adjacent  mode. 

A  wavenumber  modulation  was  obtained  by  creating  a  temperature  modulation  of  the  diode  laser 
associated  with  a  polarization  current  strength  modulation.  Indeed,  the  diode  laser  temperature  level 
is  dictated  by  the  thermal  equilibrium  between  the  cooling  provided  by  the  cold  head  and  the  heating 
by  Joule  effect  due  to  the  polarization  current.  The  shape  of  the  polarization  current  was 
"chopped”;  its  strength  was  constant  over  the  first  half-period,  and  zero  over  the  second  one.  The 
trend  of  the  wavenumber  time  response  to  that  kind  of  polarization  signal  is  illustrated  in  Fig.  2. 
The  modulation  frequency  was  set  to  400  Hz.  For  each  acquisition  burst,  the  diode  laser  radiation 
intensity  signals  were  recorded  from  the  beginning  of  the  modulation  period  within  a  time  interval 
At  equal  to  1300  fis.  The  additional  50  fis  interval  from  the  beginning  of  the  second  half-period 
was  used  to  check  the  zero  level  of  the  recorded  signals. 


Figure  2.  "Chopped"  polarization  current  and  trend  of  the  wavenumber  time  response. 

In  spite  of  a  high  1  MHz  sampling  rate,  it  was  still  desirable  to  have  more  data  points  in  each 
absorption  line  profile.  This  was  achieved  by  tuning  the  selected  emission  mode  near  the  end  of 
the  periodic  intensity-time  traces,  where  the  emission  wavelength  versus  time  variation  associated 
with  the  diode  temperature  was  the  slowest  (about  2.5x10'^  cm  ‘  .^s  ').  Under  this  arrangement,  10 
data  points  could  be  obtained  for  each  absorption  line.  The  time  interval  necessary  to  record  the 
two  absorption  line  profiles  was  about  40  /xs.  Therefore,  the  validity  of  the  recorded  profiles 
required  the  assumption  that  during  these  40  fis,  no  disturbance  occured  in  the  emission 
wavenumber  versus  time  variation,  i.e,  the  noise  spectrum  included  no  significant  contribution  of 
frequencies  higher  than  25  kHz. 


7.  TEST  AND  DATA  REDUCTION  PROCEDURES 

The  data  reduction  procedure  detailed  in  this  section  was  applied  to  three  kinds  of  signals: 

*  the  Fabry-Perot  interference  signal,  recorded  at  the  beginning  of  the  test; 

*  the  radiation  intensity  signal  transmitted  after  passage  of  the  diode  laser  beam  across  the 
flame.  These  signals  were  recorded  at  different  height  locations  in  the  flame,  in  order  to 

obtain  a  detailed  flame  profile;  and, 

*  the  incident  radiation  intensity  signal  emitted  by  the  diode  laser,  recorded  at  the  end  of  the 

test. 
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The  data  reduction  procedure  included  four  steps: 

1-  The  time-variable  filtered  detector  output  signal  x(t)  is  a  derived  signal  due  to  the  low-pass  filter, 
whose  cutoff  frequency  is  72  Hz.  It  was  rectified  numerically  by  applying  the  relation: 


X,  (t)  =  X  (t) 


/: 


+  JoIX(t)-X,  )/r. 


(5) 


where  X^  is  the  rectified  signal;  is  the  rectification  time  constant  (equal  to  2220  ^s  in  this 
investigation).  The  value  of  X,  was  calculated  from  the  acquisition  time  per  burst  At  (equal  to  1300 
/ts  in  this  investigation): 


Mt 

X,  =  [  X  (  At  )  -  X  (0  )  1  .  T,  /  At  +  Jo  X  dt  /  At 


(6) 


Relation  (6)  requires  both  that  the  acquisition  time  per  burst  is  shorter  than  the  signal  modulation 
period,  and  that  the  rectified  signal  level  is  zero  between  the  end  of  the  burst  and  the  end  of  the 
modulation  period. 

2-  The  transmitted  radiation  intensity  signal  was  divided  by  the  the  incident  radiation  intensity 
signal,  averaged  over  several  acquisition  bursts,  in  order  to  obtain  a  dimensionless  transmission 
signal.  This  step  was  not  absolutely  necessary  to  the  data  analysis  procedure,  since  the  least-squares 
fit  of  the  experimentally  measured  transmission  spectrum  did  not  require  a  dimensionless  signal; 
therefore,  the  transmitted  radiation  intensity  signal  could  be  directly  fitted.  However,  this  step  was 
especially  useful  at  lower  temperatures,  in  order  to  detect  in  the  measured  spectrum  the  location  of 
the  two  low-strength  absorption  lines. 

3-  For  each  burst,  was  identified  the  acquisition  point  for  which  the  center  of  the  0-lP(40) 
absorption  line  was  recorded.  The  0-1P(40)  absorption  line  was  used  because  its  strength  is  higher 
than  the  1-2  P(35)  absorption  line.  This  procedure  was  used  to  discard  any  burst  for  which  the 
identified  acquisition  point  differed  from  the  points  identified  in  the  other  bursts.  Indeed,  such  a 
difference  revealed  a  wavenumber  shift  with  respect  to  the  other  bursts;  therefore,  the  burst  should 
not  be  included  in  the  averaging  step.  In  general,  the  fluctuation  was  found  to  be  ±  1  acquisition 
point,  corresponding  to  a  wavenumber  fluctuation  of  about  +  3x10'^  cm  ’,  with  a  slightly  higher 
value  for  only  a  few  bursts.  However,  in  order  to  achieve  a  higher  accuracy,  any  burst  revealing 
any  fluctuation  of  the  identified  acquisition  point  with  respect  to  the  most  frequently  recorded 
position  in  the  bursts  was  systematically  discarded.  This  step  was  essential  in  this  investigation, 
since  the  absorption  lines  were  narrow.  However,  it  could  be  applied  only  to  spectra  with  an 
absorption  line  strength  high  enough  for  the  absorption  line  central  position  to  emerge  from  the 
signal  noise.  In  practice,  such  spectra  were  obtained  at  beam  height  locations  in  the  flame  greater 
than  or  equal  to  0.5  cm  above  the  burner  surface. 

4-  The  signals  selected  after  the  third  data  reduction  procedure  step  were  averaged  to  increase  their 
signal-to-noise  ratio.  This  averaging  step  was  allowed  in  this  investigation,  since  the  analyzed  flame 
was  very  stable.  The  value  of  the  residual  noise  was  measured  for  different  numbers  of  averaged 
bursts.  For  a  single  burst,  the  ratio  of  the  peak-to-peak  noise  to  the  signal  was  about  +  1  to  2  % . 
It  fell  to  ±  0.02  %  and  ±0.01  %  after  averaging  100  and  300  bursts  respectively.  The  value  of 
the  ratio  remained  constant  when  the  number  of  averaged  bursts  was  increased  from  300  to  500 
bursts.  Therefore,  the  number  of  acquired  bursts  was  chosen  to  be  limited  to  300.  This  resulted 
in  a  number  of  averaged  bursts  greater  than  90  for  each  measurement. 


857 


8.  RESULTS  AND  DISCUSSION 


The  measured  CO  temperature  and  concentration  were  deduced  from  a  least-squares  fit  of  the 
averaged  spectrum  by  a  theoretical  spectrum  based  on  a  Voigt  profile.  Figure  3  reveals  the  typical 
quality  of  a  fit. 

Figure  4  presents  the  comparison  between  the  experimental  and  theoretical  profiles  along  the  burner 
axis.  The  experimental  profile  was  obtained  with  two  TDLS  tests  carried  out  under  the  same 
conditions.  The  highest  measured  temperature  was  1420  K,  at  a  location  of  about  2.5  cm  above 
the  burner  surface.  The  slopes  of  the  experimental  and  theoretical  profiles  between  0  and  10  mm 
are  similar.  However,  the  level  of  experimental  temperatures  is  lower;  the  value  of  the  temperature 
difference  is  about  130  K  at  20  mm  above  the  burner  surface,  and  becomes  larger  for  higher  height 
locations.  This  result  was  attributed  to  two  main  factors: 

*  The  cooling  effect  in  the  experimental  fiame,  caused  by  both  radiation  heat  losses  from  the  flame 
and  a  two-dimensional  heat  transfer  associated  with  species  dilution  in  the  surrounding  cold  argon 
flow,  was  not  accounted  for  in  the  theoretical  flame  aerothermochemical  model.  The  larger 
temperature  difference  between  the  two  profiles  at  higher  height  locations  in  the  flame  was 
attributed  to  a  stronger  cooling  by  two-dimensional  effects.  Indeed,  the  occurence  of  species 
dilution  at  higher  height  locations  in  the  flame  ( >  2  cm  above  the  burner  surface)  was  confirmed 
by  the  stable  species  concentration  profiles  results  obtained  by  probe  sampling  mass  spectrometry 
[3]. 


Figure  3.  Comparison  of  TDLS  experimental  and  adjusted  spectra  at  a  location  of  0.5  cm  above 
the  burner  surface.  Deduced  quantities:  f  =  809  K,  XCO  =  0.1122  13]. 

*  The  temperature  level  measured  by  the  TDLS  technique  is  lower  than  the  temperature  level 
existing  in  the  flame  axis,  due  to  integration  along  the  optical  pathlength  across  the  flame.  This 
effect  is  more  pronounced  at  higher  height  locations  in  the  flame,  due  to  the  two-dimensional  heat 


858 


transfer  mentioned  above.  However,  it  is  unlikely  that  the  significant  temperature  difference  level 
of  200  K  between  the  experimental  and  theoretical  profiles  near  the  burner  surface  should  be 
attributed  only  to  the  experimental  underestimation  resulting  from  this  effect.  Indeed,  very  high 
radial  gradients,  leading  to  non-flat  temperature  and  concentration  profiles,  would  then  exist; 
however,  the  flame  appears  to  be  very  flat  visually  in  this  region. 

Figure  5  shows  the  comparison  between  experimental  and  theoretical  CO  concentration  profiles. 
Two  experimental  profiles  were  obtained,  by  TDLS  and  probe  sampling  mass  spectrometry.  The 
error  bars  indicate  the  accuracy  limits  estimated  for  each  mass  spectrometry  measurement  result. 
Within  these  limits,  the  agreement  between  these  two  profiles  is  good.  Two  theoretical  profiles  are 
also  presented.  They  were  calculated  by  an  aerothermochemical  code  [3,  15].  One  profile  was 
calculated  based  upon  the  theoretical  temperature  profile;  the  other  was  based  upon  the 
experimentally  measured  temperature  profile.  In  order  to  be  compared  with  the  concentration 
values  relative  to  argon  concentration  measured  by  mass  spectrometry,  the  absolute  CO 
concentration  values  obtained  by  TDLS  were  divided  by  the  argon  concentration  values  calculated 
based  upon  the  theoretical  temperature  profiles  [3].  Below  a  location  of  0.5  cm  above  the  burner 
surface,  the  CO  concentration  could  not  be  measured  by  TDLS  (see  section  9);  the  value  obtained 
at  0.5  cm  is  shown  in  Fig.  5,  but  is  clearly  unreliable. 


T{K) 


Figure  4.  Comparison  of  theoretical  and  TDLS  experimental  temperature  profiles  [3]. 


The  scattering  of  the  mass  spectrometry  measurements  results  was  quite  large.  Therefore,  it  could 
not  be  concluded  whether  the  measured  stable  species  concentration  profiles  were  more  similar  to 
the  calculated  profiles  based  upon  the  experimentallly  measured  temperature  profile  than  those  based 
upon  the  theoretical  temperature  profile,  or  not. 
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9.  DISCUSSION  OF  THE  MEASUREMENT  ACCURACY 

The  measurement  accuracy  is  intrinsically  dictated  by  both  the  choice  of  the  pair  of  CO  absorption 
lines,  and  the  accuracy  with  which  the  Lorentz  collisional  broadening  and  absorption  line  strengths 
are  known. 

As  mentioned  in  section  4,  the  intrinsic  accuracy  of  the  temperature  measurement  for  the  selected 
pair  of  absorption  lines  is  optimal  when  T  =  T*  =  1005  K.  In  the  least-squares  fit  procedure  of 
one  of  the  absorption  spectra  measured  at  a  higher  temperature  level  ('“  1350  K),  the  value  of  CO 
concentration  was  imposed  and  varied  within  a  range  of  ±  3  %  around  the  value  obtained  when 
both  the  temperature  and  concentration  are  adjusted.  The  deduced  temperature  varied  within  a 
range  of  ±  3.7  %,  i.e.  approximately  ±  50  K.  Within  this  range,  the  graphic  agreement  between 
the  measured  and  deduced  theoretical  spectra  remained  good.  Out  of  this  range,  although  the  least- 
squares  fit  algorithm  continued  to  converge,  the  rms  difference  between  the  spectra  increased  and 
the  quality  of  the  graphic  agreement  decreased. 


Xco/XAr 


Figure  5.  Comparison  of  theoretical  and  experimental  CO  concentration  profiles  [3]. 


A  comprehensive  review  of  the  possible  sources  of  experimental  errors  was  established,  and  their 
effects  were  analyzed  [3).  These  sources  are: 

*  The  effects  of  integration  along  the  optical  pathlength  and  along  the  height  of  the  optical 
beam,  ina  spatially  non-uniform  medium.  These  effects  can  introduce  both  a  bias  of  the 

temperature  measurement  results,  and  an  uncertainty  on  the  actual  pathlength  to  be  considered 
for  the  concentration  measurement; 

*  The  wavenumber  fluctuations  of  the  diode  laser  emission  mentioned  in  section  7,  whose 
control  depends  on  the  signal  sampling  rate: 
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*  The  signal-to-noise  ratio. 

In  the  lower  part  of  the  profile,  where  the  axial  gradients  are  higher,  integration  along  the  height 
of  the  optical  beam  led  to  a  temperature  overestimation  by  only  about  5  % .  In  the  upper  part  of 
the  profile,  the  measured  temperature  tended  to  be  underestimated  due  to  the  radial  gradients  (edge 
cooling  effects);  however,  the  value  of  this  underestimation  is  difficult  to  estimate.  In  this  region, 
the  quantifiable  errors  due  to  the  other  experimental  sources  (wavenumber  fluctuations,  signal-to- 
noise  ratio)  on  the  temperature  were  estimated  at  about  +  3  % . 

In  the  lower  part  of  the  profile  (z  <  0.5  cm),  the  CO  concentration  could  not  be  measured,  due 
to  an  unsufficient  strength  of  the  two  absorption  lines  at  low  temperatures,  and  an  uncertain 
knowledge  of  the  Lorentz  collisional  broadening  value.  In  the  upper  part  of  the  profile,  the 
uncertainty  on  the  concentration  measurement  results  was  estimated  at  about  ±  15  %. 

To  confirm  the  measurement  results,  another  pair  of  absorption  lines,  centered  at  1958.66  cm  *  (see 
Table  2),  and  whose  spectroscopic  denominations  are  0-1  P(41)  and  1-2  P(36),  was  used.  Two 
consecutive  tests  involving  the  two  pairs  of  lines  were  carried  out  at  the  same  location  in  the  flame 
(for  which  T  «  13(X)K).  Similar  results  were  found,  with  differences  of  only  ±  1.4  %  for  the 
temperature  and  ±  2.8  %  for  the  CO  concentration. 


10.  CONCLUSION 

A  quite  accurate  temperature  profile  in  a  one-dimensional,  low-pressure  (5700  Pa)  premixed 
H^ICOIOJPii  flat  flame  was  measured  by  tunable  diode  laser  infrared  absorption  spectroscopy.  The 
measurement  spatial  resolution  of  2  mm  caused  a  temperature  overestimation  by  only  5  %  in  the 
lower  and  also  steeper  part  of  the  profile. 

The  highest  measured  temperature  was  1420  K,  at  a  location  of  about  2.5  cm  above  the  burner 
surface.  However,  this  value  was  probably  underestimated.  Indeed,  the  flatness  of  the  upper  part 
of  the  flame  is  doubtful,  due  to  stronger  edge  cooling  effects  by  a  two-dimensional  heat  transfer, 
associated  with  the  dilution  of  the  flame  species  in  the  cold  argon  flow  surrounding  the  flame. 
Therefore,  the  measured  apparent  temperature  was  lower  than  the  temperature  in  the  flame  axis, 
due  to  integration  of  the  absorption  along  the  optical  pathlength  across  the  flame. 

The  analyzed  absorption  lines  allowed  an  accurate  temperature  measurement  in  the  broad  range  of 
temperature  investigated  (400  -  1400  K).  However,  their  strengths  were  too  weak  at  the  low 
temperatures  existing  in  the  lower  part  of  the  profile  (below  0.5  cm  above  the  burner  surface)  to 
allow  an  accurate  measurement  of  the  CO  concentration.  In  order  to  achieve  a  higher  accuracy  in 
this  region,  a  better  knowledge  of  the  value  of  the  Lorentz  collisional  broadening  involved  is 
required.  In  the  upper  part  of  the  flame,  involving  higher  temperatures,  the  CO  concentration 
measurement  became  reliable;  its  accuracy  was  estimated  at  about  ±  15  %. 
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THE  RESPONSE  OF  A  PYROTECHNIC  POWDER  UNDER 
DYNAMIC  LOADING  CONDITIONS 
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ABSTRACT:  Experimental  and  analytical  results  describing  the  combustion  response  of  a  porous 
pyrotechnic  powder  under  dynamic  loading  conditions  are  described.  Pyrotechnic  powder  samples 
were  subjected  to  dynamic  loading  using  a  piston  driven  porous  bed  configuration.  Piston  impact 
velocities  ranged  from  about  80  to  300  m/sec.  The  initial  loading  density  of  the  porous  bed  ranged 
from  54  to  56  percent  of  theoretical  maximum  density  (TMD),  The  porous  bed  of  pyrotechnic  material 
ignited  and  burned  at  all  but  the  lowest  impact  velocity  tested  (81  m/sec)  where  no  reaction  was 
observed.  Two  impact  velocity  dependent  combustion  modes  were  observed  in  the  high  speed  motion 
pictures.  No  accelerating  reactions  were  observed  in  either  the  motion  pictures  or  the  pressure  gage 
data  for  the  conditions  tested.  Traditional  analytical  porous  bed  combustion  techniques  were  used  in 
the  evaluation  of  the  pyrotechnic  response  under  dynamic  loading  conditions.  The  fWCDDT  porous 
bed  code  w^as  used  to  model  the  response  of  the  pyrotechnic  power  to  mechanical  stimulus. 
Calculations  of  the  pyrotechnic  powder  were  complicated  by  the  rebounding  of  the  initial  compaction 
wave  off  of  the  end  of  the  confining  tube. 


INTRODUCTION 

Pyrotechnic  materials  are  commonly  used  in  military  applications  as  igniters  and  incendiary  devices. 
Pyrotechnic  powder  in  an  igniter  configuration  often  serves  tw'o  functions:  as  part  of  an  ignition  train 
(e.g.  as  a  primary  ignition  source  or  delay  composition)  and  as  a  fire-setting  (incendiary)  material. 

Pyrotechnic  materials  are  composed  of  a  mixture  of  ingredients  including  an  oxidizer,  a  fuel  and  a 
binder,  not  unlike  the  basic  components  of  a  solid  rocket  propellant.  They  differ  from  the  rocket 
propellant  in  the  relative  amounts  of  these  basic  components,  usually  containing  high  levels  of  a 
metallic  fuel.  The  high  level  of  condensed  phase  products  resulting  from  the  combustion  of  these 
materials  presents  a  challenging  contrast  to  the  traditional  energetic  solids  being  studied.  Most  blends 
are  formulated  to  bum  rather  than  explode  or  detonate,  as  is  the  case  of  the  pyrotechnic  powder  used  in 
this  study.' Due  to  the  heterogeneity  of  the  mixture,  reaction  rates  depend  on  migration  or  diffusion 
distances,  hence  on  the  powder  characteristics. 

Impact  initiation  is  the  principal  mode  of  ignition  for  the  pyrotechnic  used  in  this  study.  Under  high- 
rate  loading  conditions,  reactivity  may  be  enhanced  as  a  result  of  both  micro-  and  macro-scale  changes 
within  the  powder.  Reactivity  is  also  altered  on  a  microscopic  level  by  crystallographic  defects  and 
phase  transformations  and  on  a  macroscopic  level,  by  deformation,  fracturing,  comminution,  mixing 
processes  and  compaction  effects."'" 

The  processes  associated  with  impact  induced  initiation  of  a  pyrotechnic  powder  are  not  unlike  the 
response  encountered  in  a  deflagration  to  detonation  transition  of  traditional  porous  high  energy 
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materials.  In  both  cases,  the  event  begins  with  the  development  of  convective  burning  within  the 
material.  In  order  to  achieve  this  effect,  there  must  be  an  adequate  amount  of  surface  area  available 
accompanied  by  the  development  of  combustion  upon  these  surfaces.  The  critical  stages  of  the 
convective  combustion/DDT  process  have  been  identified  as  a  result  of  these  studies:  ( 1 )  ignition  w'ith 
pre-ignition  products  traveling  through  the  bed,  (2)  the  fomiation  of  a  weak  compaction  wave  which 
travels  into  the  unreacted  porous  material,  (3)  the  reaction  of  the  pre-ignition  products  to  final  products 
fomiing  a  strong  compaction  wave,  shutting  off  the  bed  to  the  combustion  gases,  accelerating  the 
reaction,  and  (4)  the  coalescence  of  the  waves  to  build  a  shock  leading  to  detonation,'' ' 

In  order  to  model  the  pyrotechnic  porous  bed  response,  a  basic  material  characterization  was  required 
to  provide  a  number  of  the  input  parameters  to  the  code.  The  thermochemistry,  thennal  conductivity, 
ignition  and  combustion  properties,  and  compaction  behavior  under  quasi-static  loading  conditions  are 
a  few  of  the  basic  characteristics  that  were  generated  for  this  analysis.^  A  detailed  description  of  the 
material  characteristics  of  the  pyrotechnic  material  is  beyond  the  scope  of  this  paper. 


SAMPLE 

The  pyrotechnic  powder  examined  in  this  study  consisted  of  a  50/50  mixture  of  potassium  perchlorate, 
magnesium-aluminum  alloy  with  calcium  resinate  as  binder.  The  formulation  is  given  in  Table  1 . 
Particle  sizes  of  the  oxidizer  and  alloy  were  similar,  ranging  between  approximately  70-150  pm  for  the 
perchlorate  and  60-125  pm  for  the  metal. 


TABLE  1 

Pyrotechnic  Powder  Mixture  Specifications. 


Ingredient 

Wt% 

Magnesium/aluminum  alloy  powder" 

49.0 

Potassium  perchlorate 

49.0 

Calcium  resinate 

2.0 

"50/50  composition  by  weight 


Characterization  studies  of  the  pyrotechnic  powder  revealed  that  it  is  thermally  stable,  with  exothermic 
decomposition  beginning  at  about  530°C.  The  powder  was  also  difficult  to  ignite  by  radiant  means. 
Log-time  versus  log  flux  data  at  two  pressures  are  plotted  in  Figure  1 .  It  is  interesting  to  note  that  the 
material  demonstrates  a  pre-ignition  region  (time  between  first  gasification  and  go/no-go)  at  1 .38  MPa. 
The  presence  of  a  pre-ignition  zone  is  important  in  the  porous  bed  convective  combustion  process,  in 
that  a  source  of  reactive  gasses  are  being  generated  which  can  then  penetrate  into  the  bed  enhancing  the 
combustion  process.  Pressed  pellets  of  the  pyrotechnic  material  would  not  reliably  ignite  by  hot  wire 
initiation  at  pressures  below  3.45  MPa,  again  demonstrating  the  high  thermal  stability  of  this  material. 
Due  to  the  thermal  stability  of  the  pyrotechnic  powder  being  examined,  some  doubts  were  raised  as  to 
whether  the  standard  piston  driven  compaction  arrangement  would  be  capable  of  delivering  a  piston  at 
high  enough  velocity  to  initiate  the  bed. 

A  second  interesting  physical  property  of  this  material  was  observed  during  the  quasi-static  loading 
experiments.  The  pyrotechnic  powder  was  considerably  more  difficult  to  compact  under  the  standard 
quasi-static  conditions.*^  Compressive  loading  forces  which  compact  the  pyrotechnic  material  to  77% 
TMD,  result  in  an  equivalent  AP  powder  compaction  of  over  90%  TMD.  At  these  low  levels  of  TMD, 
a  large  elastic  component  was  observed  in  the  pyrotechnic  powder. 
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Figure  1.  Log-Time  Versus  Log-Flux  Ignition  Data  of 
Porous  Pyrotechnic  Material. 


EXPERIMENT 

A  piston  driven  compaction  experiment  was  selected  in  order  to  examine  the  response  of  the 
pyrotechnic  powder  under  high  strain  rate  conditions  approximating  those  encountered  upon  projectile 
impact.  The  dynamic  compaction  design  of  Sandusky'*^  was  used  for  this  study.  A  schematic  of  the 
test  apparatus  is  shown  in  Figure  2.  A  smooth  bore  gun  barrel  was  used  to  propel  a  polycarbonate 
piston  approximately  305  mm  in  length  into  a  25.4  mm  diameter  bed  of  pyrotechnic,  incendiary 
powder  165  mm  in  length.  Polycarbonate  tubes  were  also  used  as  the  confining  medium  for  these 
experiments  to  allow  for  photographic  observation  of  the  events  occurring  down  the  length  of  the  bed 
upon  piston  impact. 

A  barrel  extender  was  screwed  into  the  barrel  and  clamped  onto  the  top  of  the  porous  bed  tube.  The 
barrel  extender  protected  the  end  of  the  barrel  from  damage  and  was  instrumented  with  Dynasen  model 
26CA-1059-C  self-shorting  pins  which  were  used  to  estimate  the  piston  velocity  and  to  trigger  an 
Imacon  image  converter  camera  operating  in  the  streak  mode.  Slots  in  the  barrel  extender  provided 
venting  of  the  air  from  the  barrel.  The  top  of  the  porous  bed  was  protected  by  a  0.25  mm  thick  plastic 
disk.  The  slots  in  the  barrel  extender  were  also  used  to  photographically  measure  the  piston  velocity  as 
it  entered  the  porous  bed. 

The  pyrotechnic  material  was  loaded  into  a  polycarbonate  tube  (Lexan)  of  76.2  mm  outer  diameter  and 
with  a  25.4  mm  inner  diameter  in  13  mm  increments.  Porous  beds  of  the  pyrotechnic  were  tested  at 
pour  density  (55-57%  TMD).  A  polished  polycarbonate  tube  was  used  for  its  transparency  allowing 
for  viewing  of  the  porous  bed  experiment. 

Red  Dot  smokeless  powder,  shift  2,  lot  733-12/94,  ignited  with  an  SQ-80  igniter  was  used  to  propel 
the  piston  down  the  barrel  into  the  porous  bed.  Piston  velocity  was  varied  by  adjusting  the  amount  of 
Red  Dot  propelling  charge.  Propellant  powder  charges  were  varied  from  0.5  gram  to  a  maximum  of 
4.2  grams. 
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Figure  2.  Schematic  of  Dynamic  Compaction  Test  Apparatus. 

High  speed  motion  picture  photography  was  used  to  evaluate  entry  of  the  piston  into  the  pyrotechnic 
powder  bed  and  to  track  any  subsequent  combustion  response  down  the  length  of  the  tube.  A  Photec 
IV  high  speed  motion  picture  framing  camera  operating  at  approximately  8000  pps  in  the  quarter 
framing  mode  produced  a  framing  rate  range  between  3 1 ,000  and  36,000  pictures  per  second.  This 
framing  rate  resulting  in  an  interframe  picture  time  of  28  to  32  psec  for  these  experiments.  Initial 
piston  velocity,  luminous  gasification  front  and  sustained  combustion  rate  data  were  determined  from 
the  high  speed  motion  picture  film  with  the  aid  of  a  Vanguard  Motion  Analysis  System.  The  initial 
piston  velocity  was  calculated  by  tracking  the  piston  movement  prior  to  contact  with  the  porous  bed. 
The  luminous  and  sustained  combustion  fronts  were  calculated  by  tracking  the  flame  fronts  after  the 
piston  impacted  and  ignited  the  porous  bed.  A  Reynolds  header  mounted  at  the  base  of  the  porous  bed 
arrangement  was  fired  with  closure  of  the  firing  circuit  and  provided  a  temporal  fiducial  for  data 
collection. 

Streak  records  of  the  piston  as  it  passed  through  the  barrel  extender  were  made  using  an  Imacon  Model 
792  camera  system  operating  at  990  nsec/mm.  The  streak  records  were  reduced  using  a  Micro-Vu 
Metrology  Computer  by  calculating  the  velocity  of  the  piston  as  it  passed  through  a  known  distance  in 
the  barrel  extender. 

Kistler  piezo  electric  transducers  were  used  to  record  the  pressure  response  of  the  combustion  reaction 
as  it  proceeded  down  the  bed  in  two  of  the  experiments.  The  transducers  were  located  at  positions 
25.4  mm  and  76.2  mm  from  the  top  of  the  porous  pyrotechnic  bed.  The  electronic  pressure  signal  was 
amplified  through  a  Kistler  504E  amplifier  and  simultaneously  recorded  on  a  Nicolet  4094  and 
Multipro  system.  Self-shorting  pin  data  were  also  recorded  on  the  digital  oscilloscope  systems. 


MODEL 

The  NAWC  DDT  porous  bed  code  was  used  in  the  design  and  interpretation  of  the  pyrotechnic  powder 
response  under  dynamic  loading.  This  model  is  a  major  modification  of  that  used  by  Pilcher  et 
al.,' '  based  partially  on  the  earlier  work  of  Krier.'^  The  code  includes  the  effects  of  confinement  as 
well  as  gas  flow,  ignition,  flame  spread,  and  pressure  build  up  due  to  burning  within  the  porous 
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material.  It  incorporates  a  transient  analysis,  solving  the  conservation  equations  of  mass,  momentum, 
and  energy  in  both  the  solid  and  gas  phases.’" 


A  -  Stimulus,  thermal  or  mechanical 
B  *  Porous  bed 
C  -  Confinement 


Figure  3.  Situation  Being  Modeled:  (a)  stimulus,  thermal  or 
mechanical:  (b)  porous  bed;  and  (c)  confinement. 

The  test  case  being  modeled  is  shown  in  Figure  3.  The  igniter  (A),  in  this  study,  a  moving  piston, 
provides  the  stimulus  to  the  sample  (B)  and  the  tube  (C)  the  confinement.  The  igniter  is  described  as  a 
mass  and  energy  input  to  the  tube.  The  sample  is  described  in  terms  of  initial  loading  density, 
compaction  properties  (intragranular  stress  relationship),  material  decomposition/pyrolysis  kinetics  and 
energetics,  thermal  properties  of  the  solid,  particle  diameter  and  nonsphericity,  and  any  void,  or  ullage 
condition.  The  geometric  and  material  description  of  the  tube  must  be  included  to  describe  the  wall 
dilation. ''' 


RESULTS 


Experiment 

Six  dynamic  compaction  firings  were  made  using  the  pyrotechnic  powder.  The  initial  firing  conditions 
for  the  six  firings  are  given  in  Table  2.  The  bed  of  pyrotechnic  powder  were  not  preloaded  for  these 
firings.  Piston  data  for  each  experiment  are  given  in  Table  3.  Piston  velocity  was  varied  by 
adjustment  of  the  amount  of  Red  Dot  loaded  into  the  powder  bolt. 

TABLE  2  TABLE  3 

PDC  Sample  -  Filled  In  ~  12.7  mm  Increments.  Lexan  Piston  Data. 


Test  # 

Weight, 

grams 

Length, 

cm 

PDC3 

174.1744 

30.554 

PDC4 

174.3689 

30.526 

PDC5 

174.1322 

30.523 

PDC6 

167.4497 

30.505 

PDC7 

174.8503 

30.528 

PDC8 

175.9555 

30.582 

PDC9 

174.6049 

30.493 

Experiment 

Weight,  grams 

Initial  %TMD 

PDC3 

105.18 

55.8 

PDC4 

106.85 

56.8 

PDC5 

106.46 

56.5 

PDC6 

107.48 

57.1 

PDC7 

105.34 

56.0 

PDC8 

105.72 

56.2 

PDC9  (Inert) 

95.23 

54.5 

Piston  velocity  as  it  passed  through  the  barrel  extender  was  measured  using  three  different  techniques: 
self-shorting  pins,  Imacon  streak  records,  and  high  speed  motion  pictures.  Velocity  data  from  each  of 
these  techniques  can  be  compared  in  the  plot  of  powder  loading  versus  piston  velocity  in  Figure  4. 
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Figure  4.  Impact  Piston  Velocity  Data  as  a  Function  of  Propellant  Powder  Load. 


Figure  5.  A  Series  of  Photos  Showing  Piston  Impacting  Bed  (Frame  8)  with 
Ignition  of  the  Porous  P3Totechnic  Bed. 
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Figure  5  shows  a  series  of  photos  for  a  typical  piston  compaction  experiment.  The  photos  show  the 
impact  piston  travel  through  the  barrel  extender  and  entering  the  bed  of  pyrotechnic  material.  A 
luminous  reaction  front  is  immediately  visible  upon  piston  impact.  The  piston  velocity  taken  from  film 
data  for  this  test  was  307  m/sec.  The  time  between  individual  pictures  was  32  psec.  Two  distinct 
combustion  phenomena  can  be  seen.  A  luminous  gasification  front  precedes  a  dense  sustained 
combustion  front.  The  entire  tube  is  engulfed  in  flame  by  picture  16.  Figure  6  illustrates  the  flame 
location  relative  to  the  point  of  impact  down  the  length  of  the  porous  bed  for  the  307m/sec  firing 
(PDC3).  The  flame  propagation  down  the  length  of  the  porous  bed  was  linear  in  all  but  the  lowest 
velocity  firing  (107m/sec,  PDC5)  which  is  shown  in  Figure  7.  This  firing  shows  an  ignition  delay 
between  the  luminous  gasification  and  the  appearance  of  a  sustained  reaction  of  over  100  psec.  The 
relationship  between  flame  propagation  rates  and  piston  velocity  is  shown  in  Figure  8.  No  acceleration 
of  the  combustion  front  was  observed  in  any  of  the  experiments. 


Figure  6,  Flame  Location  Relative  to  Piston  Impact  for  307  m/sec  Firing. 


Figure  7.  Flame  Location  Relative  to  Piston  Impact  for  107  m/sec  Firing. 
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Figure  8.  Relationship  Between  Flame  Propagation  Rates  and  Piston  Velocity. 

The  pressure-time  histories  for  gages  one  and  two  of  the  firing  with  an  impact  velocity  of  1 79  m/sec 
(film),  PDC8,  is  plotted  in  Figure  9.  A  Piston  to  bed  impact  time  of  6.99  msec  from  the  test  initiation 
signal  was  measured  from  the  film  record. 


Figure  9.  Pressure-Time  Histories  for  Gages  1  (25.4  mm)  and  2  (76.2  mm)  of  PDC8, 
Impacted  at  179  m/sec  (Film). 

In  evaluating  the  pressure  gage  data  it  is  assumed  that  the  pressure  changes  result  from  chemical 
reaction  and  not  from  mechanical  effects  (i.e.,  compaction  wave  processes).  Whether  that  assumption 
is  correct  is  not  known  as  we  have  no  pressure  data  at  the  present  time  for  inert  systems  under 
comparable  loading  conditions. 
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The  ^valuation  consisted  largely  of  a  simple  comparison  between  data  derived  from  pressure  histories 
and  photographic  records.  It  was  assumed  that  the  first  two  pressure  pulses  represent  the  effects  of  the 
luminous  precursor  and  sustained  reaction  region,  respectively.  Assuming  the  piston  impact  time  of 
6.99  ms  is  correct,  the  luminous  front  arrived  at  gage  1  approximately  74  ps  after  piston  impact  while 
the  main  reaction  front  arrived  about  57  ps  later.  These  times  agree  fairly  closely  with  those  based  on 
photographic  evidence  (60  ps  and  60  ps,  respectively).  A  comparison  of  luminous  front  and  main 
reaction  front  velocities  (374  m/s  and  416  m/s,  respectively)  between  gages  1  and  2,  with  average 
values  from  photographic  measurements  (395  m/s  and  360  rn/s)  also  shows  reasonable  agreement  (A 
comparison  of  velocity  values  for  the  two  fronts,  from  photographic  data,  shows  both  to  be 
approximately  the  same,  402  m/s,  between  gages  1  and  2.)  Additionally,  a  comparison  of  peak 
pressure  levels  for  the  two  pulses  at  gages  1  and  2  (22.06  MPa  and  56.54  MPa,  respectively  at  gage  1 
versus  3 1 .03  MPa  and  56.54  MPa  at  gage  2)  also  shows  no  si^ificant  change  over  that  distance.  The 
pressure  data  again  verify  the  observed  steady  state  combustion  of  the  pyrotechnic  material  with  no 
accelerating  phenomena. 

At  a  piston  velocity  of  81  m/sec  (film)  the  pyrotechnic  did  not  ignite.  No  luminous  gasification  was 
observed  in  the  high  speed  motion  pictures  but  the  rebound  of  the  piston  off  of  the  bed  was  observed. 
A  post-test  bed  height  of  130  mm  was  measured  for  the  pyrotechnic  material  (165.4  mm  initial  bed 
height).  An  average  TMD  of  72.58  percent  was  calculated  assuming  a  uniformly  compacted  bed; 
however,  upon  dissection  of  the  impacted  pyrotechnic  filled  tube,  a  highly  nonuniform  bed  was 
discovered.-  About  13  mm  of  material  at  the  top  of  the  bed  was  very  loose,  showing  no  visible 
compaction.  The  second  13  mm  of  material  was  lightly  compacted  in  the  center,  with  increased 
compaction  on  the  walls.  This  would  indicated  a  wall  friction  effect  on  the  porous  bed  compaction 
behavior.  A  solid  uniform  plug  of  pyrotechnic  material  was  encountered  at  about  the  26  mm  level. 
The  solid  plug  was  about  66  mm  thick  followed  by  about  25  mm  of  material  which  was  compacted 
tighter  on  the  walls  than  in  the  center  of  the  sample.  The  final  13  mm  of  material  was  lightly 
compacted  and  easily  removed  from  the  confining  tube.  The  lack  of  compaction  on  the  top  of  the  bed 
may  be  the  result  of  a  deconsolidation  as  a  result  of  the  compaction  wave  rebounding  off  of  the  end  of 
the  tube. 

Model 


The  best  available  kinetic  and  compaction  data  for  the  pyrotechnic  powder  were  input  into  the 
NWCDDT  code  and  a  series  of  piston-driven  compaction  experiments,  at  initial  piston  velocities  of  84, 
151,  240  and  303  m/sec  were  modeled.  Both  a  standard  (165  mm)  length  and  a  long  (330  mm)  bed 
len^  were  run  at  each  piston  velocity.  The  piston  velocity  was  allowed  to  decrease  in  accordance 
with  the  momentum-force  balance,  except  for  a  single  comparison  case  in  which  it  was  held  constant. 
The  peak  compaction  loci  for  the  standard  length  piston  cases  at  the  four  piston  velocities  is  shown  in 
Figure  10.  The  “wave”  velocities  resulting  from  the  compaction  are  plotted  as  a  function  of  piston 
velocity  in  Figure  11.  The  calculated  wave  velocities  are  comparable  to  the  combustion  front  velocities 
observed  experimentally. 

Previous  calculations  showed  that  the  compaction  wave  reached  the  end  of  the  standard  length  tube  and 
reflected,  causing  the  piston  to  compact  more  highly  compressed  material.  Piston  rebound  was 
observed  at  the  lowest  velocity  (81  m/sec)  firing.  These  observations  provided  the  motive  for  some 
porous  bed  calculations  at  double  the  original  bed  length.  The  calculations  made  at  a  piston  impact 
velocity  of  84m/sec  with  the  standard  resulted  in  a  compaction  wave  reflecting  at  about  500  psec  after 
piston  impact,  while  no  reflection  occurred  in  the  longer  hed  at  1200  psec.  Compaction  profiles  are 
shown  in  Figure  12  at  times  of  400,  800,  1200  and  1600  psec  for  both  porous  bed  lengths.  The 
standard  bed  length  data  (solid  lines)  clearly  show  the  reflection,  while  the  longer  bed  (dashed  lines) 
shows  reflection  only  after  more  than  1200  psec. 

Comparative  calculations  were  made  for  the  experimental  porosity  (56%)  and  for  lower  porosities  of 
63.5%  and  73%  of  TMD  for  a  piston  impact  velocity  of  303m/sec.  The  calculated  peak  compaction 
loci  for  the  three  porosity  levels  are  shown  in  Figure  13.  The  wave  velocity  was  increased  somewhat 
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by  increasing  the  density  to  63.5%  TMD,  but  the  further  increase  to  73%  causes  much  more  particle 
heating,  leading  to  a  higher  velocity  reaction  than  was  calculated  at  the  lower  porosity  levels. 


Figure  10,  Peak  Compaction  Loci  for  Standard  Length  Piston  Impacting  the 
Porous  Pyrotechnic  Bed  at  Four  Impact  Velocities. 


Figure  11.  Calculated  Compaction  Wave  Velocities  as  a  Function  of  Piston  Velocity. 
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Figure  12.  Calculated  Compaction  Profiles  for  Two  Porous  Bed  Lengths. 


TIME  -  ^SEC 

Figure  13.  Calculated  Peak  Compaction  Loci  for  the  Pyrotechnic  Powder  at  Three 
Porosity  Levels.  (Piston  impact  velocity  =  303  m/sec.) 
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SUMMARY 


Ignition  and  combustion  mechanisms  of  a  porous  pyrotechnic  powder  due  to  dynamic  loading  have 
been  examined  at  piston  impact  velocities  up  to  307  m/sec.  The  analysis  of  the  material  using  standard 
convective  combustion/DDT  techniques  provides  a  tool  in  guiding  and  interpreting  the  experimental 
data. 

Six  dynamic  compaction  experiments  were  performed  on  a  pyrotechnic  powder.  The  porous 
pyrotechnic  was  ignited  under  dynamic  conditions  at  piston  velocities  as  low  as  107  m/sec.  Two 
distinct  combustion  phenomena  were  observed  in  the  impacted  pyrotechnic  beds.  A  luminous 
gasification  front  preceded  a  dense  sustained  combustion  region.  This  type  of  luminosity  has  been 
observed  in  porous  beds  of  potassium  perchlorate  and  aluminum. In  that  study,  the  luminosity  in  the 
preignition  region  was  attributed  to  local  chemical  reaction  heating  of  the  porous  medium. 

Assuming  the  pressure  changes  observed  in  the  179  m/sec  (PDC8)  impact  experiment  resulted  from 
chemical  reaction,  reasonable  agreement  between  photographic  and  pressure  data  was  found.  The 
luminous  prei^ition  front  arrival  time  corresponds  to  £e  initial  rise  of  the  pressure  gage  with  the 
sustained  reaction  zone  arriving  about  50  psec  later. 

Model  calculations  have  proven  to  be  a  valuable  tool  in  the  design  of  the  experimental  test  conditions. 
Luminous  preignition  front  velocities  were  comparable  to  the  compaction  wave  velocities  calculated  in 
the  model.  Calculated  compaction  wave  reflections  add  a  complexity  to  the  calculations  that  require 
verification  by  experiment.  The  calculations  indicate  that  at  low  piston  impact  velocities  the  reflected 
wave  may  have  a  considerable  influence  on  the  combustion  response  of  the  pyrotechnic  powder. 


FUTURE  PLANS 

Future  plans  call  for  the  modification  of  the  experiment  in  accordance  with  the  analysis.  TTie  length  of 
the  porous  bed  will  be  doubled  in  an  effort  to  reduce  the  effect  of  a  retro-wave  on  the  low  velocity 
results.  A  series  of  short  piston  impact  experiments  are  planned  to  increase  the  momentum  of  tihe 
piston  in  order  to  make  future  experiments  more  like  a  typical  porous  bed  experiment. 

The  current  pyrotechnic  powder  studies  were  performed  at  pour  density.  Future  studies  will  examine 
dynamic  properties  of  porous  beds  of  pyrotechnic  material  at  lower  porosity  levels  in  order  to  improve 
and  verify  the  model  calculations. 
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ABSTRACT:  In  a  continuing  investigation  of  the  chemical  composition  of  the  dark  zones  of  double¬ 
base  and  nitramine  solid  propellants,  additional  multichannel  infrar^  absorption  e;q>eriments  have 
been  performed.  The  experiment  has  be^  improved  by  the  addition  of  mirrors  on  a  portion  of  the 
chamber  windows  effecting  a  “triple-pass”  of  the  beam  through  the  sample  region.  Overtone 
absorptions  for  CO  at  2.3  pm  and  N2O  at  3.9  pm  were  measured  and  analyzed  to  determine  absolute 
concentration  and  temperature.  Least-squares  fitting  routines  u^g  the  HTTRAN  database  were 
developed  and  used  for  this  analysis.  The  solid  propellants,  JA2  and  XM39,  w^e  probed  under 
steady-state  combustion  conditions  in  a  nitrogen  environment  of  1.0- 1.3  MPa  pressure.  CO  is  a 
major  gas  species  in  these  propellant  flames  and  concentrations  of  about  0.35  and  0.12  mole  fraction 
were  obtained  in  the  dark  zones  of  JA2  and  XM39,  respectively.  SmaU  absorption  signals  were  found 
in  the  spectral  region  appropriate  for  N2O  and  an  upper  limit  of  0.02  mole  fraction  was  detennined 
for  XM39.  No  absorption  in  this  re^on  was  observed  for  JA2.  These  results  are  in  qualitative 
agreement  with  pubhshed  values. 


INTRODUCTION 

The  combustion  of  solid  propellants  has  been  under  investigation  for  many  years;  however,  the 
detailed  chemical  and  physical  processes  are  still  not  completely  understood.  Many  solid  propellants 
bum  as  a  two-stage  flame  with  a  luminous  portion  and  a  non-luminous  "dark  zone".^  The  length  of 
this  dark  zone  increases  with  decreasing  pressure  and  for  suffici^tly  low  pressures  the  luminous 
flame  is  not  formed.  Common  gun  propellants,  i.e.,  single-base  (nitrocdilulose),  double-base 
(nitrocellulose-nitroglycerin),  and  low-vulnerability  nitramine  propellants  exhibit  dark  zones  which 
arise  from  the  slow  converaon  of  NO  to  N2.  The  delayed  ignitions  which  are  found  to  take  place  in 
some  gun  firings  are  thought  to  be  related  to  the  chemistry  occurring  in  the  dark  zone. 

Over  the  last  eight  years,  this  laboratory  has  developed  a  multichannel  optical  absorption  technique 
and  applied  it  to  the  study  of  gas-phase,  steady-state  propdlant  combustion  processes.  Results  for 
NO  and  OH  have  been  obtained  for  double-base  and  nitramine  propdlants  u^g  a  multichannel  array 
detector  sensitive  in  the  ultraviolet-viable  spectral  re^on.^  More  recently,  an  infrared  sensitive 
photodiode  array  detector  has  beai  used  to  obtain  absorption  spectra  from  which  conc^tration 
estimates  were  obtained  for  HCN,  CH4,  H2O,  CO,  and  NiO.^^  We  report  here  updated  results  for 
CO  and  N2O  using  symmetric  stretch  overtone  absorptions  and  a  least-squares  fitting  technique. 
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EXPERIMENTAL 


The  absorption  experiment  as  well  as  the  windowed  pressure  vessel  used  in  this  study  have  been 
described  in  detail  previously, so  only  pertinent  features  or  changes  to  the  experiment  will  be 
described  here.  One  aspect  that  is  very  useful  is  the  rapid  rate  of  data  collection.  Typically,  runs 
were  made  at  a  repetition  rate  of  approximately  25  Hz.  During  this  period,  a  spectrum  was  taken 
with  the  light  passing  through  the  sample  region  and  one  taken  with  the  beam  blocked.  This  means 
that  a  background  corrected  spectrum  was  obtained  every  40  ms.  Although  most  of  the  least-squares 
fitting  results  were  obtained  from  averages  of  a  few  seconds  of  data,  an  example  of  a  “single-shot” 
spectrum  will  be  presented.  At  wavelengths  beyond  about  3  pm,  the  quartz  envelope  of  the  quartz 
tungsten  halogen  lamp  used  previously  limits  the  exiting  radiation.  This  lamp  was  replaced  by  a 
silicon  carbide  Globar,  commonly  used  as  a  light  source  in  commercial  FTIR  instruments,  fitted  with 
an  ordinary  flashlight  reflector.  About  a  factor  of  two  increase  in  intensity  was  realized  at  the  N2O 
wavelength  of  interest,  3.9  pm. 

Another  modification  involved  mounting  the  entrance  and  exit  chamber  windows  at  a  slight  angle  to 
the  beam  normal  and  mirroring  a  portion  of  them  to  produce  multiple  passes  through  the  sample  area, 
effectively  increasing  absorption  pathlength. 

The  ‘Triple-pass”  experimental  setup  is  shown  in  Figure  1.  This  setup  consists  of  extenders  into  the 
chamber  with  rectangular  apertures  and  partially  gold-coated  sapphire  windows  set  at  an  angle  to  the 
centerline.  The  effective  path  length,  /,  can  be  calculated: 


I  =  D  +  (A  X  X)  =  D  +  {A  X  -yJ^D/iy  -h^) 

I  =  1 0.8mm  +  (4  X  V5.4^  -  2.7’  )mm  =  29.3 1mm 

The  expected  path  length  for  triple  pass  is  -  2.6  times  single  pass  experiments.  Figure  2  shows 
spectra  with  the  triple-pass  absorption  data,  which  is  linear  with  path  length,  -'2.7  times  the  single 
pass. 

In  order  to  test  the  data  analysis  procedure  of  least-squares  fitting  absorption  spectra  using  the 
HITRAN*  database,  a  temperature-controlled,  windowed,  stainless-steel  sample  cell  was  incorporated 
into  the  experiment.  Pure  gases  ofN20  and  CO  were  introduced  into  the  1-cm  pathlength  cell  and 
the  gas  pressure  and  temperature  set  to  desired  values.  The  absorption  spectra  obtained  were  then 
least-squares  fitted  and  the  results  compared  to  the  known  values.  These  comparisons  are  discussed 
in  the  data  analysis  section. 


Figure  1.  Diagram  of  triple-pass  beam 
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Figure  2.  Absorption  spectra  of  N2O  in  XM39  dark  zone  at  1.25  MPa  with  ^gle-  and  triple-pass 
beams.  Open  circles  are  for  the  triple  pass;  solid  circles,  single  pass. 


DATA  ANALYSIS 

The  change  in  intenrity  of  a  parallel  beam  of  light  Tirith  frequency  v  traveling  through  a  medium  in  the 
+x  direction  with  an  absorptivity  k(v),  is  given  by  the  differential  absorption  law, 

-y  =  k(v)dx  (2) 

By  integrating  along  the  path  length  1,  the  intensity,  after  having  transv^sed  the  region  of  int^st,  is 
given  by 


1=  I^exp[~k(v)l]  (3) 

If  a  background  absorption  occurs  over  the  patWoigth  and  is  oidy  weakly  depoident  on  v,  the 
transmitted  intensity  I(v),  can  be  written  as 

I(v)-IeB(v)€3£p[-kJ]  (4) 

where  kw  is  the  absorption  coefficient  of  the  molecule  of  interest  and  B(v)  represents  a  multiplicative 
background  correction  for  a  broadband  attenuation  along  the  path  length.  For  conditions  where  the 
light  source  and  spectrograph  bandwidths  are  much  larger  tlm  the  width  of  a  typical  absorption  line 
an  instrument  function,  S{v,Vo),  centered  at  Vo  is  introduced  to  give 

I,=  J  S(v,v„)I(v)dv  (5) 


where  It  is  the  integrated  light  transmitted. 
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Figure  3.  Transmittance  spectrum  for  the  2vi  overtone  of  CO  in  a  static  cell  at  423  K  and  1 .033 
MPa.  The  points  are  the  data  and  the  solid  line  is  the  least-squares  fit. 


A  nonlinear,  multivariate,  least-squares-fitting  program  using  a  Simplex  algorithm^  has  been  written 
for  use  within  the  Galactic  Industries’  GRAMS/386  environment.  Molecular  parameters  and 
transition  line  strengths  needed  for  the  calculation  of  kw  are  obtained  fi'om  the  HTTRAN*'^*^  database. 


Wavelength  (nm) 

Figure  4.  Transmittance  spectrum  for  the  2vi  overtone  ofN20  in  a  static  cell  at  370  K  and  0.174 
MPa.  The  points  are  the  data  and  the  solid  line  is  the  least-squares  fit 
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To  test  the  fitting  program,  the  static  test  was  employed.  A  typical  test-cell  transmittance  spectrum 
and  fit  for  CO  is  shown  in  Figure  3.  For  this  experim^t  the  tmperature  and  pressure  conditions 
were  set  to  423  K  and  1.033  MPa,  respectively.  A  least-squares  fit  to  these  data  gives  a  temperature 
of  419  K  and  pressure  of  1.018  MPa.  If  it  is  assumed  th^e  is  no  oror  in  the  thermocouple  and 
pressure  gauge  measurements,  then  the  least-squares  fit  for  temperature  and  pressure  agrees  to  within 
2%. 


Likewise,  Figure  4  illustrates  a  transmittance  spectrum  and  fit  for  N2O  where  the  test  cell  conditions 
are  T  =  370  K  and  P  =  0.174  MPa.  Least-squares  fitting  results  in  a  temp^ature  of  375  K  and  a 
pressure  of  0. 194  MPa.  Here  the  a^eement  in  temperature  is  within  2%  and  the  pressure  6%. 

The  spectral  resolution  (2.3  nm)  required  as  an  input  for  fitting  was  d)tained  by  measuring  the  width 
of  a  helium  or  argon  emission  line  in  the  appropriate  wavel^gth  region.  The  shape  of  die  emission 
lines  were  well  represented  by  a  Guassian.  Hence  a  Gaussian  hneshapc  function  was  used  to 
convolute  the  calculated  spectrum  to  best  approximate  the  ^ects  of  the  instrum^  response. 
Additionally,  the  individual  molecular  transitions  w^  approamated  by  a  delta  fiinction  sh^  since 
the  light  source  is  broad  band  and  the  resolution  of  the  spectrometo*  is  much  broads  than  that  of  the 
molecular-rotational-tranritions.  These  simplifications  allowed  for  fitting  on  a  personal  comput^486 
processor,  personal  computer  with  common  fitting  times  of  a  few  minutes. 


RESULTS 

A  transmittance  spectrum  for  the  2vi  absorption  of  CO  taken  during  steady-state  combustion 
conditions  of  JA2^^  is  shown  in  Figure  5.  This  spectrum  was  taken  in  the  center  section  of  the  dark 
zone  during  combustion  at  1.03  MPa  nitrogen  pressure.  The  JA2  propellant  sample  was  a  0.64-cm 
diameter  solid  cylinder  which  was  burned  in  a  cigarette  fashion,  and  the  absorption  patWength  was 


Wavelength  (nm) 


Figure  5.  Transmittance  spectrum  for  the  2vi  overtone  of  CO  taken  in  the  dark  zone  of  JA2 
propellant  burning  in  a  1 ,03  MPa  nitrogen  environment.  The  points  are  the  data  and  the  solid  line  is 

the  least-squares  fit. 
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assumed  to  be  the  propellant  diameter.  Maximum  spatial  resolution  for  these  experiments  was  0.25 
cm,  which  is  the  diameter  of  the  light  beam.  For  these  small  absorptions,  less  than  1%,  averaging  of 
spectra  was  required.  Typically  100  emission  corrected  spectra  were  obtained  which  takes  about  4 
seconds.  While  spectra  gathering  occurrs,  the  propellant  feed  mechanism  is  feeding  the  propellant  at 
about  the  same  rate  it  is  being  consumed.  This  process  lowers  the  spatial  resolution  somewhat  and  a 
conservative  estimate  for  the  overall  resolution  is  0.5  cm.  Least-squares  fitting  of  the  data  results  in  a 
temperature  of  1476  K  and  0.36  mole  fi-action  of  CO.  Several  other  experimental  runs  were  made  for 
these  conditions  and  the  averages  are  reported  in  Table  1  along  with  other  published  results.  No 
signals  attributable  to  N2O  absorption  could  be  identified  in  the  dark  zone  of  JA2  burning  at  1.03 
MPa  pressure. 

A  nitramine  propellant,  XM39^^,  was  also  investigated.  This  propellant  gave  larger  variations  in 
combustion  intensity  behavior  during  the  course  of  an  experimental  nm  as  well  as  producing  more 
smoke,  often  obscuring  the  beam.  Lower  CO  conentration  in  the  dark  zone  make  measurement  even 
more  problematic.  It  was  found  that  somewhat  higher  pressure  (1.25  MPa)  produced  cleaner  bums. 
A  larger  propellant  diameter  (1.08  cm)  was  used  to  increase  the  absorption  zone;  this  also  decreased 
the  cold  zone  traversed  by  the  beam  in  the  chamber,  reducing  possible  interference  from  cold  gases. 
Use  of  the  triple-pass  optics  was  also  beneficial  in  increasing  the  absorption  signal.  The  transmittance 
spectrum  for  CO  is  shown  in  Figure  6.  The  least-squares  fit  for  the  data  in  Figure  6  gave  values  of 
1040  K  and  0.10  mole  fraction  CO.  However,  the  experimental  uncertainty  was  rather  high,  so  the 
data  were  also  fitted  at  a  fixed  temperature  of  1150  K,  an  average  value  obtained  previously  from 
both  IR^  and  uv-visible^^  absorption  studies.  This  produced  a  CO  mole  fraction  of  0. 12. 

Figure  7  shows  a  “single  shot,”  a  spectrum  obtained  over  one  cycle  of  the  data  collection.  This 
spectrum  is  corrected  for  background  within  20  ms  of  data  collection,  eliminating  interference  from 
all  but  very  short  term  flame  events.  The  fit  produced  values  of  about  lOOOK  and  0.09  mole  fraction 
CO. 

Using  similar  techniques,  absorption  at  3900  nm,  due  at  least  in  part  to  N2O,  produced  the  spectmm 
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Figure  6.  Transmittance  spectrum  for  the  2vj  overtone  of  CO  taken  in  the  dark  zone  of  XM39 
propellant  burning  in  a  1 .25  MPa  nitrogen  environment  using  the  triple-pass  optics.  The  points  are 
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Figure  7.  A  “^gle  shot”  transmittance  spectrum  for  the  2vi  overtone  of  CO  tak^  in  the  dark  zone 
of  XM39  propellant  burning  in  a  1 .25  MPa  nitrogen  environm^t  using  the  triple-pass  optics.  The 
points  are  the  data  and  the  solid  line  is  the  least-squares  fit. 

shown  in  Figure  8.  For  the  same  reasons  as  above,  these  data  were  fitted  at  a  fixed  temperature  of 
1 150  K,  producing  an  upper  limit  of  0.018  for  the  mole  fi-action  of  N2O. 


Figure  8.  Transmittance  spectrum  for  the  2vi  overtone  of  N2O  taken  in  the  dark  zone  of  XM39 
propellant  burning  in  1 .25  MPa  nitrogen  using  the  triple-pass  optics.  The  points  are  the  data  and  the 


Table  1 

Comparison  of  CO  and  N2O  mole  fractions  measured  in  XM39  and  JA2.  A.  Mallery  and  Thynell^"^, 
B,C.  Present  work,  D.  Lengelle  et.  al.^^.  d  is  the  distance  above  the  surface  of  the  solid  propellant. 


B-XM39 

P=  12.1  atm 
(1:25  MPa);: 
d- 1.25-2.75 
mrri 

(1.03  MPa) 
d- 1.25  mm 

d  -  2  min  \ 

CO 

0.10 

0.12 

0.38 

0.38 

N20 

0.03 

<0.018 

0 

0 

T 

1200  K 

1150  K  (fixed) 

1448  K 

1500  K 

COMPARISON  OF  RESULTS 

Several  factors  were  considered  for  inclusion  of  published  results.  All  the  data  in  Table  1  are  for 
steady-state  unassisted  combustion  conditions.  A  direct  comparison  is  available  for  XM39;  in  the 
case  of  JA2,  a  similar  type  propellent,  DB2,  was  chosen.  Both  propellants  are  homogeneous  and  the 
experimental  pressures  used  are  almost  identical,  and  the  agreement  for  CO  concentration  is  good  for 
both  comparisons.  The  dark  zone  temperature  for  JA2  was  fitted  in  the  present  study  and  the 
comparison  with  DB2  is  quite  good.  Our  previously  determined  temperature^’^^  for  the  XM39  dark 
zone  is  similar  to  that  of  Mallery  and  Thynell^^  While  detectible  quantities  of  N2O  were  found  in 
XM39,  the  signal  was  noisy  due  to  combustion  intensity  changes  and  a  low  detector  quantum 
efficiency.  Moreover  it  appears  that  another  species  is  causing  some  absorptions.  The  comparisons 
indicate  about  a  40  per  cent  difference  and  this  variation  is  probably  within  the  experimental  error 
considering  the  noisy  nature  of  the  data  in  both  experiments.  With  the  other  species  interference  that 
we  observe,  the  N2O  concentration  value  given  in  Table  1  should  more  appropriately  be  considered 
an  upper  limit. 


SUMMARY 

Improvements  in  the  near-infrared  overtone  absorption  spectroscopy  experiment  at  Army  Research 
Laboratory  have  permitted  better  measurement  of  two  minor  species,  CO  and  N2O,  concentrations  in 
the  dark  zone  of  burning  representative  nitramine  propellants  CXM39)  and  homogeneous  propellants 
(JA2).  When  compared  with  published  work  excellent  agreement  is  found  for  CO  concentrations  but 
less  satisfactory  agreement  for  N2O.  From  a  detailed  chemical  kinetic  modeling  standpoint, 
establishing  an  accurate  value  for  this  latter  species  is  quite  important.  The  gas  composition  of  the 
propellant  dark  zone  is  fiiel  rich  and  thus  an  oxidizer  such  as  N2O  can  play  a  pivotal  role  in  major 
chemical  steps.  Infrared  detection  with  InSb  elements  would  give  higher  efficiency  in  this  wavelength 
region  and  provide  a  more  accurate  determination  of  N2O  concentration. 
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ABSTRACT:  In  this  paper,  burning  rates,  temperature  and  OH  concentration  profiles  of  pure  RDX 
and  pseudo  propellants  containing  RDX  with  CAB  binder  having  8,  11,  and  14  percent  by  weight 
were  determined.  UVA^isible  absorption  spectroscopy  was  used  as  the  diagnostic  technique  to 
determine  the  gas-phase  temperature  and  OH  species  concentration  profiles.  The  deduced  final 
flame  temperatures  from  absorption  measurements  are  3062  K  for  pure  RDX,  2990  K  for  RDX/CAB 
(92/8%),  2806  K  for  RDX/CAB  (89/11%),  and  2742  K  for  RDX/CAB  (86/14%)  at  0.45  MPa.  In 
order  to  examine  the  pressure  dependency  of  final  flame  temperatures  and  OH  mole  fractions, 
absorption  measurements  were  also  conducted  at  0.17  and  0.79  MPa  for  pure  RDX.  The  results 
showed  that  pure  RDX  has  a  final  flame  temperature  of  around  2950  K  at  0.17  MPa  and  3220  K  at 
0.79  MPa.  The  deduced  final  flame  temperatures  are  in  good  agreement  with  equilibrium 
calculations.  The  deduced  OH  concentrations  from  absorption  measurements  are  lower  than 
equilibrium  calculations  due  to  the  non-one-dimensionality  of  the  flame  causing  uncertainties  in  the 
effective  pathlength  of  the  light  beam.  During  the  tests,  it  was  observed  that  there  was  no  multi¬ 
stage  flame  structure  for  both  pure  RDX  and  pseudo  propellants  with  RDX/CAB  mixtures. 
Thermocouple  measurements  for  pure  RDX  indicated  that  the  surface  temperature  is  about  600  K  at 
0.17  MPa  and  675  K  at  0.79  MPa. 


INTRODUCTION 

Understanding  the  physics  and  chemistry  of  solid  propellant  combustion  process  is  challenging, 
since  solid  propellant  combustion  involves  complex  heat  and  mass  transfer  processes  with  chemical 
kinetics.  Nonetheless,  the  formulation  of  new  highly  energetic  propellants  requires  a  complete 
understanding  of  the  chemical  and  physical  mechanisms  controlling  their  ignition  and  combustion 
processes.  Determination  of  temperature  and  species  concentration  profiles  of  solid-propellant 
flames  under  various  operating  conditions  is  the  first  step  in  understanding  the  combustion  of  solid 
propellants.  These  data  are  used  to  build  up  detailed  chemical  kinetic  mechanisms  of  solid 
propellant  combustion.  Theoretical  models  are  also  necessary  in  the  prediction  of  combustion 
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behavior  of  energetic  propellants  since  testing  and  optimization  are  expensive  and  sometimes 
difficult  to  achieve. 

Solid  propellants  are  designed  by  combining  energetic  materials  [e.g,,  RDX  (cyclotrimethylene 
trinitramine)  and  HMX  (cyclotetramethylene  tetranitramine)]  with  polymeric  binders  that  provide 
the  necessary  mechanical  properties  to  form  certain  grain  shapes  with  acceptable  densities.  These 
binder  materials  and  other  additives,  such  as  stabilizers  and  plasticizers,  generally  have  a  major 
effect  on  propellant  ignition  and  combustion  processes.  The  model  simulation  of  solid  propellants 
with  all  ingredients  is  very  difficult  for  several  reasons.  The  major  limitation  is  that  thermal 
decomposition  processes  and  associated  chemical  kinetic  rates  are  not  known  for  many  propellant 
ingredients.  The  decomposition  processes  of  only  a  few  propellant  ingredients  have  been  studied.[l] 
Furthermore,  complex  physico-chemical  interactions  between  propellant  ingredients  could  occur 
when  they  are  mixed.  One  of  the  possible  processes  is  the  formation  of  solid  solution  (e.g.,  between 
RDX  and  CAB)  which  changes  the  purity  and  properties  of  propellant  ingredients. [2] 

Recently,  many  research  programs  have  focused  on  modeling  and  testing  of  pure  RDX  (C3  He  Ne 
Oe),  since  RDX  has  been  widely  adopted  in  low  vulnerability  ammunition  (LOVA)  propellants  due 
mainly  to  its  low  vulnerability  to  thermal  initiation  of  ignition,  and  partly  to  its  low  cost.[l-8, 15,16] 
During  the  combustion  of  RDX,  a  large  amount  of  thermal  energy  is  released  and  a  high  percentage 
of  low  molecular  weight  product  gases  is  generated.  These  characteristics  make  RDX  very  attractive 
in  the  formulation  of  new  gun  and  rocket  propellants.  In  a  companion  study,  a  1-D  computational 
model  developed  by  Liau  and  Yang  successfully  simulated  the  steady-state  combustion  processes  of 
pure  RDX. [3]  A  logical  way  of  advancing  combustion  models  for  composite  propellants  is  to  study 
a  pseudo  propellant  which  contains  only  a  few  ingredients.  In  this  experimental  work  and  a 
companion  theoretical  modeling  effort,  pseudo  propellants  containing  RDX  and  CAB  (cellulose 
acetate  butyrate,  C15  H22  Og)  were  selected  since  these  two  ingredients  have  been  widely  used  in 
LOVA  propellants. 

T.ie  objectives  of  this  research  are:  (1)  to  provide  experimental  data  on  burning  rate,  temperature  and 
OH  concentration  profiles  of  pure  RDX  and  pseudo  propellants  containing  different  amount  of  RDX 
and  CAB  binder  for  guiding  model  development  and  validation,  (2)  to  observe  the  ignition  and 
combustion  behavior  of  these  pseudo  propellants,  and  (3)  to  examine  the  pressure  dependency  of 
final  flame  temperatures  and  OH  mole  fractions.  In  order  to  determine  the  effect  of  percentage  of 
CAB  on  the  ignition  and  combustion  processes,  four  different  formulations  were  studied:  pure  RDX, 
RDX/CAB  (92/8%),  RDX/CAB  (89/11%),  and  RDX/CAB  (86/14%). 

Absorption  spectroscopy  was  used  as  the  diagnostic  technique  to  measure  the  gas-phase  temperature 
and  OH  concentration  profiles  of  pure  RDX  and  three  RDX/CAB  pseudo  propellants.  Absorption 
spectroscopy  is  a  non-intrusive  optical  diagnostic  technique  for  simultaneous  determination  of 
temperature  and  absolute  concentration  of  chemical  species  from  one  measured  spectrum.  Although 
it  is  a  simple  and  relatively  inexpensive  technique,  it  has  sufficient  sensitivity  even  for  the  detection 
of  the  transient  species  with  low  concentrations  in  the  flame  zone.  Spatial  resolutions  as  low  as  50 
pm  can  be  achieved  to  probe  species  which  are  found  in  a  very  thin  propellant  flame  zone.  [5] 
Absorption  spectroscopy  does  not  suffer  from  the  collisional  quenching  effect,  which  is  a  major 
limitation  for  other  linear  optical  techniques  such  as  laser  induced  fluorescence  (UF),  especially  at 
higher  pressures.  This  technique  has  been  successfully  applied  for  the  measurements  of  diatomic 
molecules,  such  as  OH,  NH,  CN,  and  NO. [5,8- 10, 15, 16]  The  basic  limitation  of  the  absorption 
spectroscopy  is  that  it  is  a  line-of-sight  measurement  method  which  requires  the  flame-zone  structure 
to  be  one-dimensional.  When  the  flame  structure  is  not  one-dimensional,  determination  of  the 
effective  pathlength  of  the  light  beam  becomes  very  difficult,  which  in  turn  causes  discrepancies  in 
the  deduced  species  concentration  since  assumed  pathlength  and  species  concentration  are  almost 
inversely  proportional. 
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EXPERIMENTAL  SETUP 


The  experimental  setup  used  for  this  work  is  very  similar  to  that  reported  in  Lu  et  al.[9]  Therefore, 
only  a  brief  description  of  the  test  facility  is  given  below. 

Absorption  transitions  of  OH  molecules  in  solid  propellant  flames  were  achieved  by  passing  a  450- 
Watt  Xenon  arc-lamp  light  beam  across  the  flame  zone.  A  portion  of  the  light  energy  is  absorbed  by 
OH  molecules  in  the  propellant  flame.  The  transmitted  component  of  the  light  is  focused  onto  a  100 
pm  pinhole  and  then  onto  the  entrance  slit  of  the  spectrometer  through  fused-silica  lenses.  The 
pinhole  reduces  the  emission  signals  from  the  propellant  flame  which  reach  the  entrance  of  the 
spectrometer  and  its  diameter  governs  the  spatial  resolution  of  the  measurements  (around  150  pm). 

The  focal  length  of  the  fused-silica  lenses  is  a  function  of  the  wavelength  of  the  light  beam.  At 
589.3  nm,  the  focal  length  is  25.4  cm  and  it  varies  significantly  when  the  wavelength  decreases  to 
the  UV  range.  The  focal  length  at  any  other  wavelength  X  can  be  computed  by  using  the  thin  lens 
formula: 


fx  =  f589.3  (  n589.3  -  l)/(nx-l)  (1) 

where  nx  is  the  index  of  refraction  at  wavelength  X.  For  OH  measurements,  the  focal  length  was 
taken  as  23.9  cm  at  306  nm.  Then,  the  distances  between  the  lens  and  the  focal  point  on  each 
focusing  side  were  adjusted  accordingly. 

The  spectrometer  has  a  focal  length  of  75  cm  and  a  grating  with  1200  grooves/mm.  The  grating  is 
blazed  at  250  nm  on  the  first  order  with  about  65%  efficiency  at  230  nm  and  about  73%  at  250  nm. 
The  spectral  resolution  was  around  0.36  Angstroms  at  full  width  half  maximum  (FWHM)  when  the 
slit  opening  was  set  at  38  pm  for  OH  measurements.  The  dispersed  light  was  detected  by  a 
thermoelectrically  cooled  CCD  camera  and  stored  in  a  microcomputer  for  data  processing.  The 
CCD  camera  covered  a  28  nm  band  of  light  when  the  grating  was  operated  in  the  first  order. 

Pseudo  propellants  were  prepared  by  pressing  shock  precipitated  mixtures  of  recrystallized  RDX  and 
CAB  powders  in  a  cylindrical  presser  system.  The  recrystallized  RDX  powder  was  extracted  from 
military  grade  RDX  which  also  contains  5  to  10%  of  HMX.[7]  A  reciystallization  process  was 
applied  to  remove  the  HMX.  After  this  process,  the  amount  of  HMX  was  reduced  to  a  range  below 
0.3%. [7]  The  procedure  for  recrystallization  of  RDX  is  explained  in  detail  in  Ref.  8.  After 
obtaining  pure  RDX  powder,  a  shock  precipitation  procedure  used  by  Boyer  et  al.  was  followed  to 
prepare  RDX/CAB  mixtures.  [2]  In  this  process,  the  desired  amount  of  pure  RDX  and  pure  CAB 
powders  were  mixed  in  acetone  until  they  dissolved  completely.  The  amount  of  acetone  was 
determined  from  the  solubility  of  RDX  and  CAB  in  acetone.  To  achieve  shock  precipitation  of  the 
RDX/CAB  mixture,  the  solution  was  then  dumped  into  distilled  water  which  was  about  ten  times 
larger  in  volume  than  the  acetone.  Immediately  after  dumping,  it  was  observed  that  the  white 
colored  RDX/CAB  powder  started  to  precipitate  to  the  bottom  of  the  container.  After  10  to  20 
minutes,  the  solution  was  filtered  to  remove  RDX/CAB  powder.  The  wet  RDX/CAB  powder  was 
dried  at  55°C  for  at  least  4  hours  to  remove  moisture.  The  RDX/CAB  mixtures  were  then  pressed  at 
274.8  MPa  into  cylindrical  pellets  of  0.64  cm  in  diameter  and  0.8  to  1.5  cm  in  length  in  a  specially 
designed  computer-controlled  presser  system.  [7] 

Propellant  samples  were  ignited  by  a  CO2  laser  and  burned  inside  a  windowed-high-pressure  strand- 
burner  under  well-controlled  operating  conditions.  A  linear  actuator  system  was  employed  to  feed 
the  propellant  sample  at  a  pre-specified  speed  so  that  the  propellant  surface  could  be  either  kept  at  a 
fixed  position  or  controlled  to  regress  downward  at  a  slow  speed  relative  to  the  light  beam  location 
during  burning.  Thus,  either  multiple  sampling  at  a  fixed  position  or  scanning  through  the  flame 


887 


zone  could  be  conducted  in  a  single  test.  Nitrogen  purge  gas  flow  was  supplied  during  tests  to  carry 
combustion  product  gases  out  of  the  test  chamber.  Sampling  time  was  0.04  seconds  with  28-34 
samplings  of  spectra  per  test. 


DATA  ANALYSIS 

The  data-reduction  program  was  exactly  the  same  as  that  presented  in  Ref.  9.  This  program  was 
based  on  Beer’s  law  to  extract  temperature  and  concentration  from  the  measured  absorption 
spectrum.  Since  the  spectrometer's  bandwidth  was  larger  than  the  linewidth  of  a  typical  transition 
line,  convolution  between  molecular  absorption  and  instrument  function  was  required  and 
considered.  Due  to  scattering  and  absorption  by  soot  particulates  and  large  molecules,  strong 
attenuation  of  the  transmitted  light  was  observed;  the  attenuation  effect  was  displaced  by  shifting  the 
baseline  away  from  unity  in  cither  linear  or  non-linear  fashion.  By  assuming  Boltzmann  distribution, 
the  observed  transmittance  t  at  any  wavenumber  Vo  cm*'  can  be  described  by  the  following 
equation.  [10] 


t(V(, )  =  (A„  +  A,  Vo  +  A  jV? )  X  _QS(V,  Vo )  exp 


hvb  N- 


q(T)"i 


XBjgje->i^Pj(v) 


dv 


(2) 


where  h  is  the  Planck  constant,  b  the  path  length,  c  the  speed  of  light,  k  the  Boltzmann  constant,  T 
the  absolute  temperature,  Bj  the  Einstein  coefficient  for  the  jth  transition  in  energy  density  units,  gj 
the  degeneracy  of  the  jth  energy  level,  Ej  the  energy  of  the  jth  level,  Pj  (v)  the  transition  line  shape, 
Nt  the  total  number  density,  q(T)  the  partition  function,  and  S  the  normalized  instrument  function. 
The  summation  j  was  performed  over  all  of  the  energy  ttansitions  which  contribute  to  the  light 
absorption  at  wavenumber  Vq.  The  second-order  pol3momial  Ao+AiVo+A2Vo^  was  used  to  account 
for  the  baseline  shift. 

Each  transitional  line  was  treated  as  a  Dirac-Dclta  function  to  improve  the  efficiency  of  data 
analysis.  As  demonstrated  in  Ref.  9,  line  broadening  at  elevated  pressures  as  high  as  6.99  MPa  does 
not  change  the  characteristics  of  absorption  signals  nor  deteriorate  the  quality  of  the  curve  fit;  thus, 
the  Delta-function  treatment  for  transitional  lineshape  is  acceptable  for  0.17-0.79  MPa  r^gc 
considered  in  this  paper.  Since  the  calibration  between  wavelengths  and  CCD  pixels  using  the  Hg 
lamp  was  only  an  approximation,  adjustment  of  wavelengths  in  measured  spectra  was  considered  in 
data  analysis. [9]  To  further  simplify  the  data  reduction,  an  average  instrument  bandwidth  was  used 
for  the  wavelength  range  of  interest.  The  final  equation  for  curve-fitting  the  observed  transmittance 
at  any  wavenumber  Vo  is  given  below.  [9] 


x(Vo)  =  (Ao  +  A,v„  +  A2v5)x 


l-Xs(Vj,Vo)x 


1-exp  • 
V 


hVjb  Nt 
c  q(T) 


(3) 


The  measured  absorption  spectra  were  used  as  the  input  files  for  the  data  analysis  program.  The 
program  analyzed  the  measured  spectrum  and  adjusted  a  set  of  parameters  including  temperature, 
number  density,  etc.  to  best  fit  the  data  by  the  least-squares  method.  The  Einstein  coefficients, 
degeneracies,  and  energy  levels  for  OH  were  obtained  from  Kotlar.[ll]  One  hundred  fifty  three 
transitions  in  the  A^Z  -  X^fl  (0,0)  vibrational  band  system  were  considered  in  the  data  analysis. 
Other  molecule-specific  parameters  were  obtained  from  Huber  and  Herzberg.[12]  Levenberg- 
Marquardt's  algorithm  was  used  to  perform  the  least-squares  analysis  for  the  measured  absorption 
spectra.  [13]  Absolute  number  density  was  converted  to  mole  fraction  and  molar  concentration  using 
the  perfect  gas  law. 
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RESULTS  AND  DISCUSSION 


1.  In-Situ  Observations  of  Pure  RDX  and  RDX/CAB  Pseudo  Propellants 

OH  absorption  measurements  for  pure  RDX  and  the  three  pseudo  propellants  were  conducted  at  0.45 
MPa.  At  a  higher  pressure  of  0.79  MPa,  the  flame  spread  down  the  lateral  side  surfaces  of 
RDX/CAB  (92/8%)  pellets  even  under  high  purge  flow  rates.  For  pure  RDX,  tests  were  also 
conducted  at  0.17  and  0.79  MPa  to  examine  the  effect  of  pressure  on  temperature  and  OH 
concentration.  An  attempt  was  made  to  study  the  RDX/CAB  (84/16%)  pseudo  propellant;  however, 
no  adequate  OH  absorption  was  detected. 

At  0.17  MPa,  there  was  a  very  thick,  bubbling  foam  layer  on  the  burning  surface  region  of  pure  RDX 
with  a  maximum  thickness  of  about  0.4  to  1  mm  (which  is  inherently  unsteady).  The  foam  layer 
exhibited  a  dome  shape  due  to  the  effects  of  surface  tension  and  cooling  of  the  nitrogen  purge  gas. 
At  0.17  MPa,  a  dark  zone  with  a  thickness  of  about  0.1  to  0.2  mm  was  present  between  the  luminous 
flame  and  the  burning  surface.  The  flame  structure  of  pure  RDX  at  0.17  MPa  was  not  uniform,  i.e, 
there  were  few  (one  or  two)  bright  columns  of  flame  (flamelets)  surrounded  by  a  less  luminous  zone. 
At  higher  pressures  (i.e.,  0.45  and  0.79  MPa),  the  size  of  the  foam  layer  was  reduced  and  there  was 
no  visible  dark  zone.  Figure  1  shows  a  typical  flame  structure  of  pure  RDX  at  0.45  MPa.  As  can  be 
seen,  bright  flamelets  still  existed  at  this  high  pressure  and  became  much  elongated  and  isolated. 
The  luminosity  of  the  flame  was  greater  than  those  at  0.17  MPa.  The  number  of  bright  flamelets 
increased  with  an  increase  of  pressure. 

The  flame  structure  of  RDX/CAB  (92/8%)  pseudo  propellant  at  0.45  MPa  was  quite  different  than 
that  of  pure  RDX.  Again,  there  was  no  visible  dark  zone  and  foam  layer  at  0.45  MPa.  However,  the 
flame  structure  of  RDX/CAB  (92/8%)  pseudo  propellant  was  more  uniform  than  that  of  pure  RDX. 
There  were  one  or  two  flamelets  having  nearly  uniform  luminosity  as  shown  in  Fig.  2.  The  flame 
width  was  smaller  than  the  pellet  diameter  of  0,64  cm.  As  the  percentage  of  CAB  was  increased  to 
11%,  there  was  intermittent  appearance  of  flamelets  in  the  gas-phase  region.  These  flamelets  were 
much  narrower,  less  bright  and  shorter  in  length  than  those  of  RDX/CAB  (92/8%).  At  other  times, 
there  was  no  visible  flame  in  the  gas-phase  region  as  can  be  seen  in  Fig.  3.  In  some  tests,  flame 
spreading  down  the  lateral  side  surface  of  the  pellet  was  observed.  The  increase  of  the  CAB 
percentage  to  14%  further  reduced  the  occurrence  of  the  visible  flame.  During  each  test  (about  15 
seconds),  the  visible  flame  was  seen  for  only  two  or  three  times  and  the  flame  was  almost  invisible 
during  the  rest  of  the  test.  These  visible  flames  were  short-lived  and  less  bright  than  those  of 
RDX/CAB  (89/1 1  %)  pseudo  propellant. 


2.  Burning  Rates 

Burning  rates  of  pure  RDX  and  three  pseudo  propellants  were  determined  from  video  records.  At 
0.45  MPa,  the  burning  rates  were  found  to  be  0.95  ±  0.05  mm/s  for  pure  RDX,  0.7 1  ±  0.05  mm/s  for 
RDX/CAB  (92/8%),  0.68  ±  0.07  mm/s  for  RDX/CAB  (89/11%),  and  0.52  ±  0.02  mm/s  for 
RDX/CAB  (86/14%).  These  burning  rates  can  be  fitted  into  the  following  equation  as  shown  in  Fig. 
4: 


Tb  =  0.9543  -  0.029  x  [%  CAB]  (4) 

At  0.17  and  0.79  MPa,  burning  rates  of  RDX  are  0.42  ±  0.05  mm/s  and  1.52  ±  0.06  mm/s, 
respectively.  Burning  rates  of  pure  RDX  can  be  fitted  to  the  equation  rb  =  a  P"  with  n  =  0.836  ± 
0.002  and  a  =  1.850  ±0.002. 
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Figure  1 .  RDX  flame  at  0.45  MPa 


Figure  2.  RDX/CAB  (92/8%)  flame  at  0.45  MPa 


%  CAB 


Figure  3.  RDX/CAB  (89/11%)  flame  at  0.45 
MPa 


Figure  4.  Burning  rates  of  RDX/CAB  pseudo 
propellants  as  a  function  of  percentage  of  CAB 
at  0.45  MPa 


3.  Absorption  and  Thermocouple  Measurements 

Figures  5  and  6  show  typical  absorption  spectra  for  OH  molecule  in  RDX/CAB  (92/8%)  and 
RDX/CAB  (86/14%)  pseudo  propellants  taken  at  0.45  MPa,  respectively.  The  circles  represent  the 
measured  transmittance  which  were  used  as  input  data  for  the  data  reduction  program.  The  solid  line 
represents  the  curve  fit  by  the  data  reduction  program.  The  deduced  temperature  and  OH 
concentration  are  2970  K  and  4.44  x  10^^  molecules/cm^  for  Fig.  5  and  2477  K  and  1.70  x  10^^ 
molecules/cm^  for  Fig.  6.  Figures  5  and  6  also  show  the  baseline  shift  and  the  quality  of  the  resolved 
rotational  transition  lines.  From  these  two  figures,  it  is  clear  that  as  the  percentage  of  CAB 
increases,  the  absorption  by  OH  molecules  decreases  since  the  absolute  concentrations  of  OH 
decrease  with  an  increase  in  CAB  percentage.  Many  similar  tests  were  conducted  to  obtain  the  OH 
concentration  and  temperature  profiles  for  the  pure  RDX  and  three  pseudo  propellant  flames. 

Figures  7  through  12  show  the  temperature  and  OH  concentration  profiles  of  pure  RDX  flames  at 
0.17,  0.45,  and  0.79  MPa  and  the  three  pseudo  propellant  flames  at  0.45  MPa.  In  Fig.  7,  the 
temperatures  and  OH  concentrations  of  pure  RDX  flame  at  0.17  MPa  increase  from  the  surface  and 
reach  their  maximum  values  at  about  1,38  mm  above  from  the  surface.  The  decreasing  trend  of  the 
temperature  and  OH  concentration  in  the  luminous  region  (beyond  2  mm)  is  due  mainly  to  the  heat 
and  mass  transfer  processes  between  the  flame  and  the  purge  gas.  Figures  8  and  9  show  the 
temperature^  and  OH  concentration  profiles  of  pure  RDX  flame  at  0.45  and  0.79  MPa,  respectively. 
The  profiles  are  similar  to  that  at  0,17  MPa,  except  the  plateau  regions  are  reached  at  locations  closer 
to  the  burning  surface  (i.e.,  0.42  mm  at  0.45  MPa  and  0.29  mm  at  0.79  MPa).  Figures  10  through  12 
show  the  temperature  and  OH  concentration  profiles  of  RDX/CAB  (92/8%),  RDX/CAB  (89/11%), 
and  RDX/CAB  (86/14%)  pseudo  propellant  flames  at  0.45  MPa.  The  plateau  temperature  and  OH 
concentration  zones  occur  at  locations  about  0.76  nun  for  RDX/CAB  (92/8%),  1.15  mm  for 
RDX/CAB  (89/11%),  and  0.8  mm  for  RDX/CAB  (86/14%)  above  from  the  surface.  The 
pronounced  cooling  effect  on  the  flame  starts  beyond  2.7  mm  for  RDX/CAB  (92/8%),  1 .9  mm  for 
RDX/CAB  (89/11%),  and  1.6  mm  for  RDX/CAB  (86/14%). 

According  to  these  profiles,  the  final  flame  temperatures  of  pure  RDX  are  2950  K  at  0.17  MPa,  3062 
K  at  0.45  MPa,  and  3220  K  at  0.79  MPa  and  for  the  three  pseudo  propellants  the  final  flame 
temperatures  at  0.45  MPa  are  2990  K  for  RDX/CAB  (92/8%),  2806  K  for  RDX/CAB  (89/11%),  and 
2742  K  for  RDX/CAB  (86/14%).  The  equilibrium  flame  temperatures  and  OH  mole  fractions  for 
these  pseudo  propellants  and  pure  RDX  were  calculated  using  the  CEC76  code  and  are  indicated  in 
Figs.  7  through  12.[14]  The  heat  of  formation  of  RDX  and  CAB  were  taken  as  +14,690  and  - 
117,950  cal/mole  in  these  calculations.  It  is  evident  that  there  are  good  agreements  between  the 
deduced  final  flame  temperatures  and  the  calculated  equilibrium  temperatures.  The  deduced  OH 
mole  fractions  are  lower  than  the  equilibrium  values  by  a  factor  of  2  to  3  for  pure  RDX  and  28  -  48% 
for  the  three  pseudo  propellant.  The  difference  is  mainly  caused  by  the  highly  non-one-dimensional 
nature  of  the  pure  RDX  flame  and  uncertainties  in  the  pathlength  of  the  light  beam.  From  the  video 
records,  it  was  observed  that  the  flame  structures  of  pure  RDX  were  highly  non  one  dimensional  and 
the  flame  widths  of  pure  RDX  and  the  three  pseudo  propellants  were  smaller  than  the  pellet 
diameter.  In  the  data  analysis,  the  pellet  diameter  of  0.64  cm  was  used  as  the  pathlength.  The 
propellant  diameter  is  greater  than  the  effective  pathlength  due  to  the  above  mentioned  effects. 
Therefore,  the  deduced  OH  concentrations  are  lower  than  the  equilibrium  calculations  since 
concentration  and  pathlength  are  nearly  inversely  proportional  to  each  other  for  a  given 
transmittance.  The  determination  of  the  effective  pathlength  of  the  light  beam  is  not  easy,  especially 
in  non-one-dimensional  flames.  To  achieve  consistency  in  data  reduction,  a  constant  pathlength  of 
pellet  diameter  was  thus  used  for  all  tests.  It  is  noted  that  pathlength  has  a  greater  effect  on  deduced 
species  concentration  than  on  temperature;  therefore,  the  actual  flame  temperatures  can  still  be 
determined  without  appreciable  error. 
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Figure  5.  A  typical  absorption  spectrum  of 
RDX/CAB  (92/8%)  pseudo  propellant  at  0.45 
MPa  for  deducing  one  pair  of  temperature  and 
number  density  (dots:  measured  data,  line: 
fitted  result) 
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Figure  7.  Deduced  gas-phase  temperature  and 
OH  mole  fraction  profiles  of  RDX  flame  at  0.17 
MPa 
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Figure  6.  A  typical  absorption  spectrum  of 
RDX/CAB  (86/14%)  pseudo  propellant  at  0.45 
MPa  for  deducing  one  pair  of  temperature  and 
number  density  (dots:  measured  data,  line: 
fitted  result) 
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Figure  8.  Deduced  gas-phase  temperature  and 
OH  mole  fraction  profiles  of  RDX  flame  at  0.45 
MPa 
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Figure  9.  Deduced  gas-phase  temperature  and  Figure  10.  Deduced  gas-phase  temperature  and 
OH  mole  fraction  profiles  of  RDX  flame  at  0.79  OH  mole  fraction  profiles  of  RDX/CAB 

MPa  (92/8%)  pseudo  propellant  flame  at  0.45  MPa 
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Figure  1 1 .  Deduced  gas-phase  temperature  and 
OH  mole  fraction  profiles  of  RDX/CAB 
(89/11%)  pseudo  propellant  flame  at  0.45  MPa 
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Figure  12.  Deduced  gas-phase  temperature  and 
OH  mole  fraction  profiles  of  RDX/CAB 
(86/14%)  pseudo  propellant  flame  at  0.45  MPa 
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Fine  wire  tungstenyrhenium  thermocouples  (25  pm  in  diameter)  were  used  to  measure  temperature 
profiles  of  pure  RDX  at  0.17  and  0.79  MPa.  These  profiles  are  also  shown  in  Figs.7  and  9.  Tests 
indicated  that  the  surface  temperature  of  RDX  is  about  600  K  at  0.17  MPa  and  about  675  K  at  0.79 
MPa.  The  final  flame  temperatures  could  not  be  measured  due  to  the  bum  out  of  thermocouples. 


CONCLUSIONS 

UVA^isible  absorption  spectroscopy  was  applied  to  simultaneously  determine  temperature  and  OH 
concentration  profiles  of  the  flames  of  pure  RDX  at  0.17, 0.45,  and  0.79  MPa  and  three  RDX  pseudo 
propellants  containing  CAB  (8%,  11%,  and  14%  by  weight)  at  0.45  MPa.  The  deduced  final  flame 
temperatures  of  pure  RDX  are  about  2950  K  at  0.17  MPa,  3062  K  at  0.45  MPa,  and  3220  K  at  0.79 
MPa  and  the  deduced  final  flame  temperatures  of  three  pseudo  propellants  are  about  2990  K  for 
RDX/CAB  (92/8%),  2806  K  for  RDX/CAB  (89/1 1%),  and  2742  K  for  RDX/CAB  (86/14%).  These 
values  are  in  good  agreement  with  the  results  of  equilibrium  calculations.  The  iine-of-sight  averaged 
OH  concentrations  are  lower  than  those  predicted  by  equilibrium  calculations  due  to  the  non-one- 
dimensionaiity  of  the  flames  causing  an  uncertainty  in  the  effective  pathlength  of  the  flame.  From 
the  recorded  video  images,  it  was  observed  that  only  pure  RDX  flame  at  0.17  MPa  exhibited  a  thin 
dark  zone  region  (0.1  to  0.2  mm  in  thickness);  none  of  the  pseudo  propellants  containing  RDX/CAB 
mixtures  exhibited  a  dark-zone  region  at  0.45  MPa.  Thermocouple  tests  for  pure  RDX  indicated  that 
the  surface  temperature  is  about  600  K  at  0.17  MPa  and  675  K  at  0.79  MPa.  In  addition,  the  final 
flame  temperatures  and  OH  mole  fractions  of  RDX/CAB  pseudo  propellant  flames  decrease  with  an 
increase  in  CAB  content. 
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COMMENTS 


Viktor  S.  Abrukov,  Cheboksary,  Russia:  Recently  a  new  integral  approach  to  various  optical 
techniques  have  been  developed  (interferometry,  spectroscopy,  Mie  scattering,  etc.).  For  example,  a 
total  number  of  molecules  (radicals,  etc.)  M,  absorbing  a  particular  light  wavelength  can  be 
determined  by  the  following  formula: 

M=  (l/bjJjln[Ioj^/I^(x,y)]dxdy 

where  b  is  the  average  absoq)tion  cross-section  of  the  molecules,  Io.x  is  the  initial  illumination, 
Ix(x,y)  is  the  illumination  distribution  in  the  recording  plane  (with  coordinates  x  and  y).  I  think  this 
approach  will  be  able  to  solve  some  practical  problems  in  propellant  combustion  research. 

Author’s  Reply:  The  measurement  of  intensity  distribution  in  the  recording  plane  as  a  function  of 
both  X  and  y  is  practically  impossible.  In  the  line-of-sight  spectroscopic  techniques,  intensity  is 
assumed  to  be  constant  along  the  pathlength.  However,  one  can  still  measure  intensity  at  different 
radial  positions  and  then  have  an  average  number  of  molecules.  But,  when  you  conduct 
measurements  away  from  the  centerline,  the  cooling  effect  along  the  outer  rim  of  the  flame  would 
increase  and  the  average  number  of  molecules  would  still  be  far  from  the  actual  one.  Therefore,  it 
would  be  much  preferable  to  measure  intensity  along  the  centerline  of  the  propellant  where  the 
pathlength  is  maximum  and  effect  of  cooling  is  relatively  minimum. 
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COMBUSTION  PHENOMENA  OF  BORON  CONTAINING  PROPELLANTS 


W.  Eckl,  N.  Eisenreich,  W.  Liehmann,  K.  Menke,  Th.  Rohe,  V.  Weiser 

Fraunhofer-Institut  fiir  Chemische  Technologic 
Joseph- von-Fraunhofer-Str.  7 
76327  Pfinztai  l(Berghausen),  F.R.G. 


ABSTRACT: 

The  combustion  of  boron  containing  propellants,  based  on  AP/GAP  and  AP/HMX/GAP  formula¬ 
tions,  have  been  investigated  by  applying  fast  spectroscopic,  pyrometric  and  photographic  tech¬ 
niques.  The  propellants  bum  at  a  rate  of  17mm/s  at  5  MPa.  Addition  of  an  iron  oxide  catalyst  in¬ 
creased  the  rate  to  20  mm/s  at  the  same  pressure.  The  determined  average  pressure  exponents  are 
0.66  without  and  0.57  with  iron  oxide  as  catalyst.  At  pressures  higher  than  5  MPa,  a  strong  decrease 
in  the  exponent  is  observed.  The  reaction  zones  show  high  particle  concentrations  with  temperatures 
from  1 500  to  2000  K,  varying  with  the  nitrogen  pressure.  Reacting  with  air,  the  particle  temperatures 
increase  close  to  the  evaporation  temperature  (2200  K)  of  boron  oxide.  The  reaction  of  boron  with 
oxygen  is  proved  by  the  results  of  spectroscopic  data.  Considering  an  application  in  a  ducted  rocket, 
the  boron  is  heated  to  the  desired  reaction  temperature. 


INTRODUCTION 

The  range  of  missiles  is  mainly  limited  by  the  weight  of  transported  propellant.  Therefore,  air- 
breathing  concepts  for  rocket  propellants  aim  to  develop  low-weight  formulations  only  carrying  the 
fuel.  The  oxidiser  being  supplied  from  the  ambient  air.  One  approach  for  realising  such  a  technique  is 
the  ducted  rocket  concept,  a  propulsion  system  based  on  two  separate  combustion  chambers 

•  the  first  for  producing  preheated  fuel, 

•  the  second  where  the  fuel  is  oxidised  by  air. 

Boron  is  a  favourite  fuel  with  low  molar  weight  and  high  reaction  enthalpy  [L3].  An  overview  on 
boron  ignition  and  burning  behaviour  is  published  in  [1]. 

In  the  present  work,  the  combustion  behaviour  of  boron  and  high  boron  containing  propellants  (FS 
280,  FS  314,  FS  315),  developed  at  ICT,  was  investigated  in  a  so-called  optical  bomb  using  two  dif¬ 
ferent  atmospheres: 

•  Nitrogen,  to  simulate  the  first  chamber 

•  Air,  to  simulate  the  first  reactions  in  the  secondary  chamber. 

Results  comprise  burning  rates,  flame  geometry,  temperatures  and  emitted  radiation  to  allow  inter¬ 
pretations  with  reference  to  applications  in  rocket  propulsion. 


EXPERIMENTAL 

The  experiments  were  carried  out  in  an  optical  bomb  equipped  with  two  opposing  windows,  allowing 
simultaneous  observation  of  propellant  combustion  up  to  10  MPa  by  different  methods  (Figure  1)  [4]. 
The  propellant  formulations  were  pressed  to  strands  of  4  x  4  x  40  mm  and  electrically  ig- 
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nited. Visualisation  of  the  combustion  was  obtained,  using  an  automatically  exposing  camera  (4 
frames  per  second).  The  emitted  radiation  was  detected  with  a  Tracer  Northern  TN  6500  optical 
multichannel  spectrometer  (time  resolution:  10  ms).  Simultaneously,  the  combustion  was  observed 
applying  a  fast  two  colour  pyrometer  developed  at  ICT  (time  resolution  <0.1  ms)  [5].  The  high  time 
resolution  allows  the  detection  of  single  boron  particles.  For  determining  the  combustion  rate  under 
nitrogen  atmosphere,  the  strand’s  image  was  focused  onto  a  diode  array,  detecting  the  progressing 
flame  front  [6]. 


Figure  1 .  Experimental  set-up  for  simultaneous  spectroscopic  and  pyrometric  investigation  of  pro¬ 
pellant  combustion 


The  investigated  propellants  FS  280,  FS  314  and  FS  315  are  based  on  boron  containing  AP/GAP 
formulations.  FS  314  and  FS  315  are  additionally  blended  with  HMX  (Table  l).The  propellants  were 
burned  in  the  optical  bomb  both  in  nitrogen  and  air  atmospheres  at  pressures  of  0.5,  2,  4  and  7  MPa. 
Thermodynamic  calculations  based  on  the  ICT  code  [7],  showed  the  results  for  adiabatic  flame  tem¬ 
peratures  listed  in  table  3  (in  K). 

Additional  amounts  of  oxygen  increases  the  flame  temperature  about  500  K,  proving  a  gain  of  power 
in  the  second  combustion  chamber  without  oxidiser  in  the  propellant  (reduction  of  weight). 

The  calculated  reaction  products  of  FS  280  in  the  first  and  after  the  second  reaction  chamber  are 
shown  in  Table  3.  The  calculation  assumes  a  pressure  of  7  MPa  in  first  reaction  chamber,  and  an 
adiabatic  relaxation  to  standard  conditions  at  frozen  equilibrium  for  the  combustion  with  air. 


TABLE  1 

Composition  of  the  investigated  propellants  (in  Ma%) 


GAP 

BDNPA-F 

FS280 

20 

j 

25.6 

12 

IQH 

- 

FS314 

20 

5 

25.2 

12 

35 

IQI 

~ 

5 

24.5 

11.7 

35 

mm 

1 

The  results  show,  that  boron  is  not  expected  reacting  in  nitrogen  atmosphere  and,  therefore,  pre¬ 
served  for  oxidation  in  air  (second  reaction  chamber).  Only  partially  oxidised  components  in  the  gas 
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phase,  like  CO  or  H2  are  additional  reactants  supplied  to  the  second  burning  chamber.  It  is  expected 
that  the  boron  is  even  less  oxidised  before  entering  the  second  chamber. 

TABLE  2 

Adiabatic  flame  temperatures  in  K  (combustion  with  air:  stoichiometric  conditions) 


7  MPa,  N2 

2  MPa,  Air 

7  MPa,  Air 

2340 

2840 

2890 

FS314 

2350 

2830 

2880 

2350 

2350 

2830 

2880 

TABLES 

Equilibrium  composition  of  important  reaction  products  of  FS  280  after  the  first  and  second  combus¬ 
tion  chamber  (in  mol%)  assuming  complete  combustion  of  boron 


comb,  chamber,  7 
MPa 

nozzle  exit ,  0. 1 
MPa 

Temperature  in  K 

2350 

1610 

reaction  products  in 
mol%: 

CO2 

0 

5.7 

H2O 

0 

2.3 

N2 

0 

77.2 

CO 

15.9 

0.2 

H2 

18.7 

0 

BOH 

2.9 

0 

HBO2 

0.2 

8.1 

BO2 

0 

0.1 

B2O2 

0.8 

0 

B2O3 

0.3 

5.3 

HCl 

2.5 

0.8 

C 

3.2 

0 

B 

36.6 

0 

BN 

18.4 

0 
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RESULTS  AND  DISCUSSION 

The  investigations  aimed  at: 

•  characterising  the  process  for  determining  combustion  rate  and  temperature, 

•  verifying  that  boron  is  not  burned  in  air  free  conditions  but  produced  with  a  temperature 
high  enough  to  react  in  the  second  one 

•  investigating  the  reaction  zone  (geometry,  emitted  radiation,  intermediate  products)  to  clear 
up  reaction  mechanisms. 


Combustion  Rate 

Figure  2  shows  the  experimental  combustion  rates  vs.  pressure  (nitrogen  atmosphere).  As  a  conse¬ 
quence  of  iron  oxide  catalysis,  FS  315  shows  maximum  rates  and  minimum  mean  pressure  exponents 
(FS  315:  0.57,  FS  280  and  FS  314:  0.65  at  0.5  to  10  MPa).  At  relevant  higher  pressures  (>  2  MPa), 
an  even  stronger  effect  is  observable  (pressure  exponent:  0.4  for  FS  315).  Therefore,  the  FS  315  for¬ 
mulation  is  advantageous,  both  in  pressure  exponent  and  performance. 


0.4  0.6  0.8  1.0  2.0  4.0  6.0  8.0  10.0 


Flame  Geometry 

The  shape  of  the  reaction  zone  of  the  three  investigated  propellants  are  not  significantly  different  as 
shown  in  Figure  3.  Originated  from  hot  particles,  a  lot  of  luminescent  traces  are  observable  (probably 
glowing  boron  particles).  No  melting  layer  was  observed  on  the  propellant  surface.  It  emits  with  low 
intensity.  The  dark  spots  above  the  FS  315  surface  point  to  ejected  small  propellant  fractions.  No 
dark  zone  (fizz  zone)  is  observable. 
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FS280  FS314  FS315 

Figure  3.  Combustion  zones  of  FS  280,  FS  314  and  FS  315  propellants  in  0.5  MPa  nitrogen  atmos¬ 
phere 

The  photographic  investigations  in  an  air  atmosphere  were  disturbed  by  strong  fogging  caused  from 
water  condensation  at  HCl  molecules.  Additionally,  the  air  induces  a  strong  non  homogeneous  com¬ 
bustion  front.  Single  fractions  are  ejected.  The  observed  luminescent  traces  arc  generated  by  hot  bo¬ 
ron  particles  reacting  with  air. 


Spectroscopy 

The  spectroscopic  investigations  aimed  at  the  question,  whether  the  boron  from  the  propellants  is  hot 
enough  to  react  in  air  or  not.  Therefore,  the  combustion  was  investigated  employing  air  and  nitrogen. 

Figure  4  shows  spectra  of  FS  280  with  nitrogen  supplied  at  pressures  of  0.5,  2,  4  and  7  MPa.  Corre¬ 
sponding  spectra  of  FS  315  burned  in  air  are  shown  in  Figure  5. 
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Figure  4.  Spectra  obtained  from  the  gaseous  phase  above  FS  280  propellant  at  different  nitrogen 
pressures 

Pure  continuous  radiation  spectra  are  observable  in  nitrogen  atmosphere,  comparable  to  that  obtained 
from  hot  condensed  matter  or  gas  phases  with  high  particle  concentrations.  Above  the  propellant’s 
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surface  the  intensity  is  increasing  with  pressure  caused  from  a  higher  particle  temperature  or  particle 
density  along  the  line-of-sight. 


*10'“ 


Figure  5.  Spectra  obtained  from  the  reaction  area  above  FS  315  propellant  at  different  air  pressures 
•10" 


Figure  6.  Least- Squares-Fit  of  grey  radiation  (Planck’s  radiation  law)  to  FS  280  spectra  (air  and  nito- 
gen  atmosphere) 


In  an  air  atmosphere  (Figure  6),  the  spectra  show  strong  atomic  lines  (sodium  589  nm,  potassium 
766.5  and  769.9  nm)  and  band  profiles  caused  by  the  BO2  molecule  (between  400  and  600  nm).  The 
boron  particles  are  reacting  with  air.  The  heating  of  boron  by  the  propellant  reaction  in  the  first 
chamber  is  sufficient. 

The  temperatures  can  be  determined  by  fitting  Planck’s  radiation  law  with  constant  emission  coeffi¬ 
cient  to  the  experimental  data  (Figure  7).  The  temperatures  obtained  at  various  pressures  are  summa- 
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rised  in  Figure  8.  Compared  with  nitrogen  atmosphere,  the  temperatures  of  all  propellants  are  700  to 
1200  K  higher  supplying  air.  This  proves  the  additional  amount  of  energy  by  boron  oxidation. 
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Figure  7.  Temperatures  at  FS-propellants  combustion  at  different  pressures  of  air  and  nitrogen  ob¬ 
tained  from  a  grey  radiation  fit 

Pyrometry 

The  applied  two  colour  pyrometer  allows  measuring  temperature  and  integrated  radiation  of  the  reac¬ 
tion  front  with  a  time  resolution  At  <  0.1  ms  [4].  Single  particles  are  detectable.  Figures  9  shows  ex¬ 
amples  of  temperature  profiles  under  nitrogen  (left)  and  air  (right)  atmosphere  at  0.5  MPa. 

At  0.5  MPa  nitrogen  pressure,  the  intensity  strongly  increases  in  the  first  zone,  where  the  hot  reaction 
zone  (burning  surface)  is  located.  Strong  peaks  ^e  observable  in  all  experiments,  caused  by  the  small 
micron-sized  boron  particles.  The  peak  frequency  is  constant.  During  the  first  5  to  10  seconds,  tem¬ 
peratures  of  1400  to  1600  K  were  measured  moderately  decreasing  up-stream.  The  spectroscopic  in¬ 
vestigations  showed  no  boron  oxidation  in  nitrogen  atmosphere,  indicating  that  the  boron  can  be  con¬ 
sidered  as  nearly  inert  under  these  conditions.  10  mm  above  the  surface  the  particles  are  slowly 
cooling  down. 

At  7  MPa  nitrogen  atmosphere,  the  complete  reaction  zone  and  the  area  of  constant  temperature  are 
extremely  shortened.  Higher  particle  temperatures  of  1800  to  2000  K  are  obtained.  Temperature  con¬ 
ditions  are  reached  that  enable  a  stable  combustion  of  boron  particles. 

The  combustion  in  air  atmosphere  shows  a  symmetrical  reaction  zone.  The  obtained  temperatures  are 
1900  to  2000  K  and  are  distinctively  higher  than  in  nitrogen  atmosphere  combustion.  The  tempera¬ 
tures  increase  2000  to  2100  K  at  7  MPa  pressure. 

Temperatures  measured  in  the  optical  bomb  experiments  are  considerably  lower  than  calculated  by 
the  thermodynamic  code.  The  optical  bomb  can  not  be  compared  with  a  ducted  rocket,  so  the  results 
are  limited  to  the  ignition  phase  and  to  partial  combustion  as  the  burning  products  are  to  early  diluted 
up-stream.  A  temperature  close  to  adiabatic  conditions  can  only  be  obtained  in  a  burning  chamber 
designed  for  complete  combustion. 
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Figure  8  shows  in  detail  temperature  and  intensity  measurements  in  the  upper  and  lower  reaction 
zone.  The  upper  is  determined  by  the  area  of  constant  temperature.  In  the  lower  zone  of  reaction, 
particle  peaks  and  temperature  maxima  of  1 500  K  coincide.  In  the  upper  zone,  the  minima  of  tem¬ 
perature  (about  1450  K)  coincide  with  the  intensity  maxima  of  emitting  particles.  This  is  attributed  to 
a  cooling  of  the  larger  boron  particles. 


CONCLUSIONS 

The  following  conclusions  can  be  drawn: 

•  The  propellants  show  a  burning  behaviour  and  burning  rate  which  makes  them  applicable  for 
ducted  rockets. 

•  The  propellants  feed  heated  boron  to  the  secondary  burning  chamber  in  a  way  that  boron  can  be 
ignited. 

•  The  boron  particles  do  not  agglomerate  and  form  a  hot  particle  stream. 

•  The  experiments  in  the  optical  bomb  enable  investigations  simulating  the  conditions  of  the  pri¬ 
mary  combustion  camber  in  a  ducted  rocket. 

•  The  spectroscopic  and  pyrometric  equipment  allows  the  measurement  of  temperatures  of  the  gas 
phase  and  single  particles  in  a  hot  particle  stream. 


Figure  8.  Intensity  and  temperature  progress  (FS  315  propellant,  0.5  MPa  nitrogen)  in  the  reaction 
zone  2.5  mm  and  10  mm  above  propellant  strand  surface. 
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Department  of  Mechanical  Engineering,  The  Pennsylvania  State  University 
University  Park,  PA  16802 


ABSTRACT:  A  microprobe  mass  spectrometer  was  used  to  measure  decomposition  products  from  the 
subsurface  region  of  two  RDX-based  propellants:  XM39  and  one  (MZ)  containing  an  energetic 
plasticizer.  The  microprobe  was  inserted  into  a  hole  drilled  axially  in  the  centerline  of  each  propellant 
sample.  Gaseous  species  released  in  the  subsurface  region  were  collected  in  the  cavity  and  sucked  into 
the  probe  and  analyzed.  Tests  were  conducted  in  Ar  at  1  and  3  atm,  with  a  CO2  laser  external  heat  flux 
of  100,  200,  and  275  W/cm^.  An  insignificant  amount  of  solid-phase  decomposition  products  was 
detected  for  MZ,  and  only  a  very  minute  amount  of  OST  was  detected  from  XM39  at  veiy  low  heat 
flux  conditions.  At  the  time  of  bum  through,  the  major  species  detected  had  masses  of  30,  28,  44,  and 
27  amu,  believed  to  be  CH2O,  CO,  N2O,  and  HCN.  These  products  suggest  that  the  RDX 
decomposition  pathway  to  form  CH2O  and  N2O  is  more  dominant  for  the  condensed-phase  reactions 
at  the  operating  conditions  studied.  The  binders  of  these  two  propellants  showed  relatively  inactive 
behavior  under  the  conditions  tested. 


INTRODUCTION 

Because  of  its  many  favorable  characteristics,  cyclotrimethylene  trinitraminc  (RDX)  has  been  utilized 
as  an  important  ingredient  in  both  gun  and  solid  rocket  propellants.  RDX  is  used  in  low  vulnerability 
ammunition  (LOVA)  propellant  formulations  due  to  its  relative  insensitivity  to  accidental  energy 
stimuli.  The  large  amount  of  gas  generated  and  high  energy  released  during  combustion  make  it  very 
attractive  for  both  rocket  and  gun  applications.  The  absence  of  HCI  in  the  combustion  products  makes 
RDX  desirable  on  an  environmental  basis  as  well.  It  is  useful  to  characterize  the  condensed-phase 
pyrolysis  behavior  and  achieve  better  understanding  of  the  combustion  processes  of  RDX  and  RDX- 
based  propellants  so  that  detailed  simulation  of  the  burning  phenomena  of  RDX-based  propellants  can 
be  achieved. 

Since  the  regression  rate  of  solid  propellants  can  be  greatly  influenced  by  surface  and  subsurface 
reactions,  better  knowledge  of  condensed  phase  reactions  is  vital  to  gain  a  more  in-depth 
understanding  of  the  combustion  of  nitramine  solid  propellants.  Surface  and  near-surface  phenomena 
of  RDX-based  propellants  have  not  been  fully  studied,  mainly  due  to  the  difficulties  in  probing  the  thin 
surface  reaction  zone.  Any  intrusive  probing  of  the  reaction  zone  having  a  relatively  small  characteristic 
length  on  the  order  of  100  pm  could  significantly  disturb  the  localized  combustion  phenomena. 

Many  previous  studies  have  focused  on  experiments  at  non-combustion  conditions  to  investigate 
thermal  decomposition  rates  and  mechanisms  of  solid  propellants  and  their  ingredients.^'^  Melius^ 
suggested  a  pair  of  competing  reactions,  shown  below,  for  the  liquid-phase  decomposition  of  RDX. 

RDX(,j — ^^3CH20-i-3N20  exothermic  (R1) 

RDX,„  — i2-^3HCN  +  3HONO— ^^3HCN  +  |nO  +  |nOj  +  |HjO  endothermic  (R2) 
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These  two  competing  reactions  were  also  supported  by  T-jump/FTIR  studies  of  Brill  et  al .23  By 
comparison  of  the  N2O/NO2  ratio  at  different  temperatures,  the  reaction  R1  was  found  to  be  favored  at 
lower  temperatures.  Behrens  and  Bulusu^  studied  RDX  condensed-phase  decomposition  under  low 
heating  rates  (<  0.6  °C/min),  with  detailed  mechanisms  developed  for  both  liquid  and  solid  phases.  It 
was  found  that  the  rate  of  solid-phase  decomposition  was  very  much  slower  than  that  of  liquid  phase. 
Solid-phase  decomposition  produced  only  l-nitroso-3,5-dinitrohexahydro-5'-triazine  (ONDNTA),  also 
known  as  MRDX,  in  the  initial  decomposition  stage,  and  N2O  and  a  lesser  amount  of  CH2O  in  later 
stages.  Production  rates  of  these  species  increase  slowly  until  the  temperature  reaches  a  level  that  the 
following  four  liquid-phase  decomposition  pathways  become  active;  thereafter,  formation  rates  of  all 
gaseous  products  increase  rapidly. 


OST  +  H^O  +  NO  +  NO^ 

NO2  +  H^CN  +  2N2O  +  2CH2O 

NO 

(PI) 

H-C  ^C-H 

(P2) 

ONDNTA - ►  NO  +  CH  O  +  other 

1  1 

O2N  ^NOg 

2  2 

(P3) 

N^O  +  CH^O  +  NO2+  NH^CHO 

ONDNTA  (MRDX) 

(P4) 

In  reaction  pathway  PI,  the  product  species  OST  represents  oxy-^-triazine;  the  exact  structure  of  this 
compound  is  not  presently  known  and  can  be  represented  by  any  one  of  the  following  three  molecular 
structures:^ 


I  .0  Ji  I 

N'"  \nH 

II  I  II  I  II  I 


Table  1 

Ingredients  in  XM39  Propellant 


Propellant 

Material 

% 

XM39 

RDX 

76.0 

Cellulose  Acetate  Butyrate  (CAB) 

12.0 

Acetyl  Triethyl  Citrate  (ATEC) 

7.6 

Nitrocellulose  (NC)  (12.6%  N) 

4.0 

Ethyl  Centralite  (EC) 

0.4 

Some  other  studies  have  focused  on  nitramine  composite  propellants  such  as  XM39  and  another 
LOVA  propellant  containing  an  energetic  plasticizer,  identified  here  as  MZ.  The  ingredients  of  XM39 
propellant  is  given  in  Table  1 .  Schroeder,  et  al.^  detected  significant  amounts  of  RDX-derived 
nitrosamines  (ONDNTA  and  DRDX-hexahydro-l,3-dinitroso-5-nitro-triazine)  near  the  burned 
surface  of  recovered  XM39  samples.  Wormhoudt,  et  al.2  used  infrared  absorption  spectroscopy 
coupled  with  embedded  thin  fiber  optics  (nominal  diameter  200  jim)  to  detect  NO  and  NO2  in  the 
condensed  phase.  They  concluded  that  the  detected  NO  and  NO2  were  formed  by  the  decomposition 
of  RDX  trapped  in  the  propellant  binder  matrix  that  melts  at  a  higher  temperature  than  RDX.  Using  a 
method  similar  to  the  current  study,  Fetherolf  et  al.^  found  a  sudden  appearance  of  several  gas  species 
at  100-400  pm  below  the  burning  surface  of  XM39  at  1  atm  argon  gas  environment  under  100  W/cm^ 
CO2  laser  heating.  NO  was  found  in  the  greatest  quantity,  with  N2O  having  the  second  highest  mole 
fraction,  then  followed  by  species  at  28  amu,  HCN,  NO2,  and  CH2O  with  lowest  concentrations.  It 
was  hypothesized  that  these  species  were  released  by  a  bubble  bursting  in  the  foam  layer.  However, 
comparison  of  these  results  with  the  current  study  could  suggest  that  the  probe  probably  became 
blocked  part  way  through  the  test,  thus  possibly  skewing  the  species  profiles. 
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The  major  objectives  of  this  study  were  to  use  a  microprobe  mass  spectrometer  system  to  detect 
gaseous  species  evolved  in  the  subsurface  region  of  nitramine  composite  propellants  and  to  use  this 
information  to  identify  any  condensed  phase  decomposition  and  its  reaction  mechanisms. 


METHOD  OF  APPROACH 

A  schematic  diagram  of  the  experimental  setup  is  shown  in  Fig.  1.  The  propellant  sample  was 
mounted  directly  onto  a  quartz  microprobe  inside  a  sealed  test  chamber  filled  with  argon  gas.  A  CO2 
laser  provided  a  uniform  heat  flux  normal  to  the  sample  surface  to  initiate  and  support  laser-assisted 
combustion.  Subsurface  gas  sj^cies  were  sucked  into  the  microprobe  and  flowed  into  the  mass 
spectrometer  for  analysis.  A  high  resolution  Pulnix  video  camera  coupled  with  a  60  mm  micro  lens 
and  a  Super- VHS  VCR  were  used  to  record  the  test  event. 


Mass  Spectrometer 

An  Extrel  C50  triple  quadrupole  mass  spectrometer  was  used  to  analyze  gases  sampled  through  the 
microprobe.  However,  the  mass  spectrometer  was  only  run  in  the  single  quadrupole  mode.  This 
instrument  can  measure  gaseous  species  ranging  from  1  to  500  amu  at  a  variable  scan  speed  of  0.2  to 
1,000  amu/sec.  The  available  sampling  rates  allow  fast  and  localized  diagnostic  capability.  Since  the 
largest  species  expected  to  be  present  was  RDX,  the  highest  amu  scanned  was  222.  An  ionization 
energy  of  22  eV  was  used  because  it  produced  enough  ions  to  generate  strong  signals  but  yet  limited 
the  extent  of  molecular  fragmentation.  A  486-66  MHz  PC-compatible  computer  equipped  with  a  high¬ 
speed  I/O  board  was  used  for  real-time  data  acquisition,  analysis,  and  control  of  the  system.^dO 
microprobe  was  fabricated  from  0.32  cm  (1/8  inch)  diameter  quartz  tubing  and  tapered  to  an  orifice  of 
approximately  25  pm  diameter  at  the  tip.  This  small  orifice  controlled  the  amount  of  mass  flow  into 
the  instrument.  In  addition,  the  expansion  downstream  of  the  orifice  cooled  the  sampled  gases, 
quenching  reactions  within  the  system  and  freezing  the  composition  of  the  sample  gases. 


Figure  1.  Schematic  diagram  of  Microprobe  Mass  Spectrometer 


Sample  Configuration 

Both  XM39  and  MZ  propellants  were  supplied  as  extruded  sticks  with  a  diameter  of  0.64  cm  (0.25 
inch).  Cylindrical  samples  approximately  0.71  cm  (0.28  inch)  long  were  cut  from  the  supplied 
propellant  sticks  with  a  sh^  blade,  and  the  ends  were  carefully  sanded  to  a  flat  and  uniform  surface. 
A  0.208  cm  (0.082  inch)  diameter  hole  was  drilled  axially  along  the  centerline  of  the  sample,  leaving  a 
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thickness  of  0.23  cm  (0.09  inch)  of  material  underneath  the  initial  burning  surface.  A  quartz 
microprobe  was  inserted  into  the  drilled  hole  until  stopped  by  the  tapered  surface;  a  fast-drying  thick 
cement  was  then  applied  around  the  junction  section  to  provide  a  gas-tight  seal.  The  cement  prevented 
combustion  product  gases  from  leaking  into  the  cavity  around  the  tip  of  the  microprobe  in  the 
subsurface  region.  The  embedded  probe  inside  the  sealed  cavity  allowed  immediate  drawing  of  any 
gases  produced  in  the  subsurface  region  into  mass  spectrometer.  A  vacuum  pump  was  used  to  provide 
a  sufficient  suction  effect.  The  vacuum  reading  (averaging  6x10-3  torr)  from  the  microprobe  prior  to 
tests  indicated  the  effectiveness  of  the  seal  provided  by  the  mounting  method,  thus  ensuring  that  the 
analyzed  subsurface  gases  were  not  contaminated  by  gaseous  species  formed  in  the  gas-phase  region. 
A  cross-sectional  diagram  of  a  mounted  pellet  is  shown  in  Fig.  2. 


Figure  2.  Cross-sectional  detail  of  sample  pellet  mounted  on  microprobe 


CO2  Laser  Heating 

A  CO2  laser  heat  flux  was  projected  onto  the  surface  of  the  sample  to  provide  a  steady,  uniform 
regression  of  the  solid  propellant  after  the  attainment  of  ignition.  A  Coherent  Everlase  S48  CO2  laser 
in  continuous  wave  mode  was  used,  with  the  beam  masked  and  focused  to  about  twice  the  diameter  of 
the  sample.  It  was  confirmed  that  the  laser  beam  had  a  uniform  intensity  at  the  cross-section  where  the 
sample  surface  was  located.  Computer  control  ensured  synchronization  of  the  laser  with  mass 
spectrometer  sampling. 


Test  Conditions 

Tests  were  conducted  on  both  XM39  and  MZ  propellants  at  several  heat  fluxes  and  pressures  to 
examine  the  effect  of  different  operating  conditions  on  condensed  phase  decomposition  and  subsurface 
gas  generation.  Heat  fluxes  of  100,  200,  and  275  W/cm^  were  applied  at  chamber  pressures  of  1  and 
3  atm.  Analysis  of  the  video  records  provided  time  correlated  information  at  the  instant  of  propellant 
surface  bum  through.  For  the  purpose  of  comparison,  pressed  RDX  pellets  with  subsurface  cavities 
in  the  form  of  a  tmncated  cone  were  tested.  In  some  tests,  ”U"-shaped  25  pm  diameter  fine-wire 
thermocouples  were  embedded  in  the  sample  with  the  bead  on  the  centerline  for  thermal  wave  profile 
measurements. 


RESULTS  AND  DISCUSSION 

Most  of  the  results  obtained  in  this  study  are  presented  in  terms  of  intensity  of  chemical  species  of 
interest  versus  time  measured  from  time  of  bum  through.  Although  not  converted  to  mole  fractions 
due  to  some  calibration  uncertainty,  previous  calibration  coefficients  allowed  a  rough  comparison  of 
the  intensity  levels  to  be  made.  The  time  of  bum  through  was  defined  when  the  burning  surface 
reached  the  top  portion  of  sample  cavity  containing  the  microprobe  (see  Fig.  2).  Thereafter,  gases 
from  the  surface  reaction  zone  were  able  to  flow  into  the  probe.  In  fact,  the  experimental  setup  is 
capable  of  detecting  gaseous  chemical  species  produced  by  thermal  decomposition  even  before  the 
sample  bums  through.  It  was  experimentally  verified  that  at  the  time  of  burn  through  there  was  a 
sudden  jump  in  the  measured  species  intensities.  The  time  scale  used  in  the  figures  presented  was 
referenced  to  the  time  of  burn  through.  By  doing  so,  these  figures  can  clearly  show  any 
decomposition  activities  near  the  time  of  burn  through. 
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MZ  Propellant 


The  major  species  observed  were  at  masses  of  18,  27,  28,  30,  44,  and  46  amu  under  all  conditions. 
As  shown  in  Fig,  3a,  masses  of  18,  27,  and  46  could  be  assigned  to  a  definite  species,  H2O,  HCN, 
and  NO2,  respectively.  However,  it  was  not  possible  to  separate  the  signals  of  the  multiple  molecules 
at  the  same  mass  for  other  species  due  to  the  mode  the  mass  spectrometer  was  operated.  For  mass  28, 
possible  species  are  CO  and  N2,  with  CO  as  the  most  probable  decomf^sition  product.  H2CN, 
another  expected  decomposition  product,  also  has  mass  28  but  cannot  be  reliably  detected  by  the  mass 
spectrometer  because  of  its  unstable  nature.  For  mass  30,  the  possible  decomposition  species  are 
CH2O  and  NO,  but  a  greater  amount  of  CH2O  was  expected  due  to  the  decomposition  pathways 
reported  in  the  literature.^  For  mass  44,  there  are  several  possible  product  species  including  N2O, 
H2CNO,  and  CO2,  with  N2O  being  the  most  likely  decomposition  product.  Minor  species  of  interest 
in  decomposition  reactions,  as  shown  in  Fig.  3b  were  HNO  at  mass  31,  HONO  at  47,  H2CNNO2  at 
74,  and  oxy-5-triazine  (OST)  at  97.  Masses  up  to  that  of  RDX  (222  amu)  were  scanned  in  some  cases 
to  detect  decomposition  products  such  as  ONDNTA  (206  amu),  DRDX  (190  amu)  and  RDXR  (176 
amu).  Nevertheless,  no  species  above  97  were  detected.  In  fact,  no  H2CNNO2  or  OST  was  found  in 
any  of  the  MZ  tests,  as  shown  in  Figs.  3-6.  This  represents  a  significantly  different  result  from  that  of 
Behrens  and  Bulusu,^  although  they  noted  that  their  results  pertained  to  lower  reaction  temperature 
conditions  in  their  experiments.  The  lack  of  ONDNTA  seems  to  preclude  any  significant  solid-phase 
decomposition,  since  it  is  the  primary  product.  However,  ONDNTA  may  become  trapped  in  the  solid 
phase  and  continue  decomposition  into  N2O  and  CH20.^  These  results  may  also  be  due  to  the 
tendency  of  larger  molecules  to  fragment  during  the  mass  spectrometer  ionization  process,  even  at  low 
energies.  It  is  known  that  RDX  is  not  stable  after  losing  an  electron,  and  this  may  be  true  for  the 
other  large  species  of  interest  as  well.  In  fact,  masses  75  and  81,  believed  to  be  possible  products  of 
RDX  fragmentation  within  the  mass  spectrometer,  ^  2, 13  ^gj-e  observed  when  scanned  for  at  the  275 
W/cm2  and  3  atm  condition  (Fig.  6b),  suggesting  the  presence  of  RDX  vapor  in  the  subsurface  region. 

At  all  conditions,  the  levels  of  mass  30  (mostly  CH2O)  were  higher  than  those  of  HCN  and  NO2. 
Since  the  cooler  subsurface  region  was  the  area  under  study,  this  observation  tends  to  agree  with  Brill 
et  al.23  in  that  the  R1  pathway  is  more  preferred  than  the  R2  pathway  at  lower  temperatures.  The 
relative  concentration  of  NO2  was  very  low  in  comparison  with  other  decomposition  product  species. 
This  finding  also  indicated  that  the  R1  pathway  was  the  more  active  one,  since  NO2  was  a  product  of 
the  R2  competitive  reaction. 

The  ratio  of  mass  28  to  30,  assumed  to  be  CO  to  CH2O,  was  found  to  decre^c  with  increasing  heat 
flux.  There  are  two  possible,  but  not  exclusive  explanations.  The  increase  in  the  binder  product  of 
mass  30  (CH2O)  at  higher  heat  fluxes  could  be  one  possible  reason.  The  second  possible  reason  could 
be  the  increased  production  rate  of  CH2O  and  N2O  at  higher  heat  fluxes,  since  the  R1  pathway  has  a 
lower  activation  energy  than  that  of  the  R2  pathway.  The  relative  concentrations  of  both  H2O  and 
HONO  seem  to  decrease  at  higher  heat  fluxes;  this  observation  further  supports  the  conclusion  that  R1 
is  preferred  in  the  near  surface  region 

In  view  of  the  above-mentioned  observations,  it  is  believed  that  the  solid-phase  decomposition  of  MZ 
propellant  is  negligible  and  the  most  important  decomposition  reaction  of  the  condensed  phase  is  the 
R1  pathway  for  RDX.  The  binder  decomposition  could  occur  to  generate  similar  decomposition 
products  as  those  of  RDX.  However,  due  to  extremely  low  amount  of  NO2  observed,  decomposition 
of  the  energetic  binder  must  not  be  significant. 


XM39  Propellant 

Decomposition  product  species  generated  from  XM39  propellant  tested  under  different  operating 
condition  are  shown  in  Figs.  7-10.  In  general,  these  traces  were  somewhat  similar  to  those  of  MZ. 
However,  in  2  of  the  3  cases  at  3  atm  (Figs.  8a  and  9a),  a  small  amount  of  species  at  44  amu  was 
detected  under  the  surface,  before  bum  through.  This  is  believed  to  be  N2O  generated  from  the 
condensed  phase  decomposition  of  RDX.  Also,  in  Fig.  7b,  a  very  small  amount  of  OST  was  detected 
when  the  sample  was  under  low  heat  flux  of  100  W/cm^  at  1  atm. 

The  discovery  of  OST  seems  to  agree  with  the  findings  of  Behrens  and  Bulusu^  that  it  may  appear 
under  low  heating  rates  by  PI  liquid-phase  decomposition.  For  XM39,  mass  75,  believed  to  be  an 
ionization-induced  fragmentation  product  of  RDX  vapor,  was  only  observed  at  the  low  heating  rate  test 
in  which  OST  was  also  observed  (Fig.  7b).  Overall,  these  results  indicate  that  the  replacement  of  the 


910 


911 


2500 


Xiisusiuj 


Xjisuajui 


Xiisusiui 


S3 

N 

"o  3 


O  P 

c«  ^ 
C  « 
.2  ^ 
T3 
6«  c 

as 

s| 

o  c 

4) 

O  fv< 

'S  s 

«'8 

gcs 

3 

.Sf 


X]ISU3}UJ 


ea 

N 

'o  3 

•§§. 

S-S 

c«  H 
C  ^ 
O  ro 


O  a 

6  3 
o  c 

Ool 

|R 

.1 

hi 


912 


Xjisusjui 


Xiisusjui 


Xjisuaiuj 


Xjisuaiui 


913. 


Xjisuaiui  /Cjisuajui 


914 


binder  ATEC  in  XM39  with  an  energetic  plasticizer  in  MZ  does  not  cause  a  significant  difference  in  the 
subsurface  reaction  mechanisms. 


RDX 

To  compare  results  obtained  from  RDX-based  propellants,  a  few  limited  test  runs  of  pressed  RDX 
pellets  were  conducted.  Fig.  1 1  shows  the  time  traces  of  the  major  decomposition  species  detected 
from  a  self-deflagrating  RDX  sample  at  2  atm.  In  this  particular  run,  minor  species  were  not  scanned. 
The  relative  magnitudes  of  the  major  species  in  Fig.  1 1  show  the  same  trends  as  those  of  RDX-based 
propellants.  Because  of  this  observation,  either  the  binder  of  the  propellant  does  not  have  significant 
decomposition  products  in  the  subsurface  region,  or  the  binder  products  are  similar  to  those  of  RDX. 
Several  recorded  temperature-time  traces  from  fine-wire  thermocouples  embedded  in  RDX  samples  are 
shown  in  Fig.  12.  These  profiles  indicate  a  burning  RDX  surface  temperature  around  620  K,  which  is 
very  close  to  the  value  reported  by  Zenin.^  ^  The  long  flat  region  is  caused  by  the  thick  foam  layer  that 
forms  on  the  surface  of  burning  RDX  at  low  pressures.  The  difference  in  residence  times  in  this 
region  is  believed  to  have  two  possible  causes.  First,  surface  tension  may  have  flexed  the  2.9  mm 
thermocouple  span  down,  retaining  the  temperature-sensitive  bead  at  the  middle  of  the  span  in  the  foam 
zone  for  a  longer  time.  Second,  a  small  amount  of  liquid  might  have  remained  as  a  coating  on  the  bead 
after  the  foam  zone  regressed  below  it.  The  coating  could  have  depressed  the  temperature  below  the 
gas-phase  value  until  it  burnt  off,  followed  by  a  rapid  rise  to  the  actual  temperature.  Further  tests 
correlated  with  high-magnification  video  are  underway  to  resolve  the  cause. 


Figure  11.  Major  decomposition  species  of  RDX  at  Figure  12.  RDX  W/Re  fine-wire  thermocouple 
steady-state  bum  in  2  atm  pressure  temperature  traces  at  10  psig  N2 


CONCLUSIONS 

1.  Based  upon  microprobe  mass  spectrometer  measurements  in  the  subsurface  region  of  MZ,  an 
insignificant  amount  of  subsurface  reactions  was  detected.  Only  minute  amounts  of  the 
condensed-phase  decomposition  product  OST  were  detected  from  XM39  under  very  low  heat 
fluxes. 

2.  Major  species  observed  during  bum  through  of  the  RDX-based  propellants  are  species  with 
amu  of  30,  28,  44,  and  27.  These  species  are  believed  to  be  predominantly  CH2O,  H2CN, 
N2O,  and  HCN,  respectively.  Between  the  two  competitive  decomposition  pathways 
proposed  by  Melius  and  Brill,  these  observations  tend  to  suggest  that  the  R1  pathway  is  more 
dominant  in  the  condensed-phase  reaction  region  where  the  temperature  is  relatively  low. 

3.  Different  binders  used  in  these  two  RDX-based  propellants  (XM39  and  MZ)  did  not  yield  any 
major  difference  in  the  measured  evolution  of  decomposed  species  concentrations.  The  relative 
concentration  of  NO2  detected  was  extremely  low  under  the  operating  conditions  considered. 
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4.  Based  upon  the  results  of  this  study,  it  is  reasonable  to  consider  the  subsurface  energy  release 
term  in  the  solid-phase  heat  equation  to  be  negligible  for  these  RDX-based  propellants. 


FUTURE  WORK 

Based  on  the  results  of  this  study,  further  examination  of  large  RDX  decomposition  intermediate 
products  such  as  ONDNTA,  DRDX,  OST,  etc.  is  warranted  to  achieve  a  better  understanding  of  the 
thermal  decomposition  mechanisms.  Use  of  the  triple  quadruple  mode  of  the  mass  spectrometer  will 
resolve  the  identities  of  species  at  masses  28,  30,  and  44.  More  precise  calibration  can  allow  mole 
fractions  to  be  calculated  more  accurately.  Finally,  broadening  the  range  of  conditions  examined  will 
allow  the  effects  of  changing  heat  flux  and  pressure  to  be  better  quantified. 
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ABSTRACT:  Combustion  products  flowing  in  the  free  port  of  a  solid-rocket  motor  arc  responsible 
for  the  erosive  burning  effect.  To  improve  the  knowledge  of  the  mechanism  governing  erosive 
burning,  a  nonintrusive  X-ray  diagnostic  system  is  utilized  with  the  objective  of  acquiring  burning 
rate  data  with  high  temporal  and  spatial  resolutions.  The  motor  has  a  rectangular  cross  section,  and 
it  is  loaded  with  two  solid-propellant  slabs  parallel  to  each  other.  The  X-ray  source  is  placed  above 
the  motor.  The  X-ray  beam  passes  through  the  aluminum  windows,  which  arc  inserted  in  the  top 
side  of  the  motor  case,  and  the  component  transmitted  through  the  slabs  is  collected  by  three  sensors 
inserted  in  the  case  on  the  opposite  side  of  the  windows.  By  means  of  an  experimentally  determined 
calibration  curve  of  the  attenuation  of  the  X-ray  beam  through  various  thicknesses  of  an  unbumed 
propellant,  the  local  time  history  of  the  propellant  thickness  can  be  deduced  and  the  erosive  burning 
can  be  evaluated.  Results  demonstrate  a  diagnostic  reliability  and  provide  data  for  improving  model 
development  and  validation  of  the  erosive  burning  characteristics  of  the  tested  solid  propellant. 


INTRODUCTION 

When  a  rocket  motor  is  operating  under  nonstationary  conditions,  the  simple  knowledge  of  its 
pressure  history  is  of  limited  use  for  predicting  the  local  burning  rate  of  the  solid  propellant. 
Furthermore,  erosive  burning  can  significantly  affect  the  propellant  combustion,  and  an  accurate 
evaluation  of  the  local  burning  rate  can  not  easily  be  obtained  through  numerical  simulations. 
Despite  the  causes  for  erosive  burning  are  quite  well  known,  their  effects  on  the  overall  solid 
propellant  pyrolysis  are  still  very  difficult  to  predict.  In  addition,  the  erosive  effect  in  the  motor 
needs  to  be  predicted  locally  rather  than  globally,  and  a  precise  map  of  its  influence  on  the 
combustion  of  the  propellant  grain  must  be  known. 

A  direct  measurement  at  different  positions  of  the  local  burning  rate  is  therefore  indispensable  and 
X-ray  diagnostics  is  a  suitable  tool  for  burning  rate  measurement,^  nonsteady  combustion  study  and 
in-motor  propellant  combustion  investigation.  The  experimental  set-up  described  here  is  based  on 
X-ray  absorption  by  the  solid  propellant  loaded  in  a  laboratory  scale  slab  motor,  and  it  allows  a 
simultaneous  measurement  at  different  positions  along  the  motor  axis.  Furthermore,  some 
parameters  of  the  motor  configuration  can  be  changed  to  allow  local  pressure  and  burning  rate 
measurements  over  a  wide  range  of  operating  conditions. 
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EXPERIMENTAL  SET-UP 


After  a  preliminary  assessment  of 
various  system  configurations 
designed  to  carry  out  erosive 
combustion  tests,  the  following 
one  has  been  adopted.  It  mainly 
consists  of  a  slab  rocket  motor. 
X-ray  source  and  data  acquisition 
system.  As  shown  in  Fig.  1,  the 
first  two  components  are  placed 
on  a  test  stand  located  inside  a 
lead  cage  with  a  port  only  for  the 
exhaust  of  combustion  gases, 
whereas  the  third  component  is 
placed  in  an  adjacent  control 
room.  Figure  2  represents  the 
main  concept  on  which  this 
measurement  system  is  based. 


Pb  Box 


X-RAY  SOURCE  AND  SENSORS 


The  X-ray  source  shown  in  Fig.  2  has  a  square  emission  area  of  0.6x0.6  mm^  and  40°  emission 
angle.  The  tube  voltage  can  be  varied  over  the  range  from  20  to  100  kV,  while  the  tube  current  can 
be  set  from  I  to  4  mA.  The  position  of  the  source,  placed  on  a  support  mounted  50  cm  above  the 
motor,  can  be  moved  depending  on  the  position  of  the  selected  test  section.  The  source  is  equipped 
with  a  closed-circuit  cooling  system.  Due  to  the  source  emission  angle,  the  propellant  thickness  and 
measurement  point  location,  this  source  allows  the  simultaneous  use  of  three  adjacently  placed  X-ray 
sensors.  They  are  placed  in  housings  that  are  inserted  in  the  removable  bottom  side  of  the  motor. 


Slab  Length  =  250  mm 
Slab  Thickness  =  7,5  mm 
Port  Diameter^  5  •  20  mm 
Pin-hole  Diameter  =  3  mm 
Nozzle  Throat  Diameter  =  13  mm 


X-Ray  Source 


X-rav  — ■ 

,AI 

,-up 

^1 - II  / 

Fig.  2  Sketch  of  Motor  with  Sensors 
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The  sensor  consists  of  a  plastic  scintillator  which  is  connected  to  phototube  located  inside  an 
aluminum  housing.  The  sensitive  surface  area  is  reduced  by  using  a  lead  diaphragm  having  a 
circular  aperture  with  a  diameter  of  3  mm,  and  the  applied  tube  voltage  is  1 100  V. 


SLAB  MOTOR 

The  slab  motor  is  a  modular  steel  structure  that  allows  a  modification  of  its  configuration  by 
changing  the  distance  between  the  two  parallel  solid-propellant  slabs,  the  nozzle  throat  area,  and  the 
X-ray  sensors  and  pressure  pick-up  positions  along  the  longitudinal  axis  of  the  motor  case  (see  Fig. 
3).  The  main  body  of  the  motor  is  properly  mounted  to  tihe  test  stand  in  order  to  leave  access  for  the 
igniter  plug,  and  a  disposable  nozzle  is  inserted  on  the  opposite  side.  The  nozzle  itself  is  made  of 
graphite  and  is  attached  to  a  flange  that  can  be  easily  mounted  and  removed  from  the  main  body. 
Also  the  top  and  bottom  sides  of  the  rocket  motor  are  removable  and  each  of  them  houses  one  of  the 
propellant  slabs  and  eight  access  areas.  The  top  side  (Fig.  4)  is  equipped  with  five  screw  taps  and 
three  aluminum  windows,  whose  positions  can  be  selected  depending  on  the  longitudinal  positions 
under  investigation.  These  aluminum  windows  do  not  significantly  attenuate  die  power  of  the  X-ray 
beam.  The  bottom  side  (Fig.  5)  shows  the  same  feature  as  the  top  one,  except  that  three  X-ray 
sensors  are  positioned  just  below  the  three  aluminum  windows  of  the  top  side.  On  one  side  of  the 
main  body,  six  pressure  measurement  points  have  been  obtained  allowing  six  pressure  transducers  to 
monitor  the  static  pressure  inside  the  free  port  at  different  pre-selected  positions.  The  motor  case  is 
constructed  of  stainless  steel  and  has  been  pressure  tested  up  to  14  MPa. 


Fig.  3  Components  of  Motor 


DATA  ACQUISITION  SYSTEM 

The  actually  employed  version  of  the  data  acquisition  system  shown  in  Fig.  6  consists  of  a  controller 
interfaced  with  a  personal  computer,  where  standard  data  acquisition  and  presentation  packages  are 
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Fig.  4  Top  Side  of  Motor 


Fig.  5  Bottom  Side  of  Motor 


installed.  The  controller  is  equipped  with  a  12-bit  AD  converter  (12.5kHz  -  8  channels),  a  hard  disk 
(1  GB),  power  relays  and  a  sequencer.  Signals  from  three  X-ray  sensors  and  those  coming  from  the 
strain-gage  pressure  pick-ups  are,  respectively,  2  and  10  kHz  low-pass  filtered  before  reaching  the 
controller.  All  the  procedures  starting  from  the  ignition  of  the  motor  until  data  storage  are  PC 
controlled,  and  a  digital  tape  recorder  (DAT)  serves  as  the  back  up  to  the  acquisition  system. 


Pressure  Pick-ups 


Fig.  6  Data  Acquisition  System 


SOLID  PROPELLANT  SLABS 


The  reported  experiments  were  conducted  by  using  only  one  propellant  formulation  whose 
composition  and  characteristics  are  specified  in  Table  1.  The  propellant  is  currently  in  practical  use, 
and  it  is  highly  aluminized  which  produces  a  high  burning  rate.  The  slabs  with  a  length  L  =  250  mm, 
width  VF  =  50  mm,  thickness  t  =  7.5  mm  are  fitted  into  their  supports  after  being  cured  and  attached 
by  using  proper  adhesive. 


IGNITER 

Motor  ignition  is  achieved  by  using  a  pyrogen  igniter  loaded  with  a  polyester-based  composite 
propellant  whose  amount  is  measured  to  be  less  than  that  required  for  usual  negligible  ignition  delay. 
The  ignition  system  is  rather  sophisticated,  and  the  simultaneous  ignition  over  the  complete 
propellant  surface  is  obtained  after  the  pressure  in  the  motor,  raised  by  the  firing  of  the  igniter,  has 
dropped  again  to  the  ambient  pressure  level. 
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TABLE  1 

Propellant  Properties 


Composition  (mass%) 

Oxidizer  AP .  68 

Fuel  Binder  HTPB .  12 

Fuel  A1 .  20 

Additive  Fe203 .  0.3  -  0.5 

by  parts _ _ _ 

Density  (@20°C/50°C),  gW .  1 .82 


Linear  Burning  Rate 

(@50Kgf/cm^  20"C),  mmys .  9.2 

Pressure  Exponent .  0.4 

Temperature  Sensitivity,  %/°C . . 0-026 


Combustion  Gas  Properties 

(@5MPa,  Frozen  equilibrium) 

Adiabatic  Flame  Temperature,  Tf,  K.  3529 
Mean  Molecular  Weight,  Wp^  g/mol..  29.66 


EXPERIMENTAL  PROCEDURES 

The  formulation  of  a  detailed  experimental  procedure  is  critical  to  the  success  of  the  motor  firing  and 
data  collection.  First,  the  propellant  slabs  must  be  properly  mounted  on  their  support.  The  adhesive 
also  serves  to  minimize  flame  propagation  along  the  side  and  in  between  the  slab  and  its  support. 
Once  the  adhesive  has  cured,  the  calibration  procedure  is  carried  out.  Pressure  transducers  are 
always  calibrated  before  every  test  firing,  and  the  same  is  done  for  the  X-ray  sensors.  For  this 
purpose,  immediately  before  the  test  firing,  the  X-ray  apparatus  is  in  situ  calibrated  by  using  slabs  of 
known  thicknesses;  then  the  aluminum  windows  and  sensors  are  removed  from  the  supports  used  for 
the  calibrations  and  placed  in  their  respective  housings  on  the  top  and  the  bottom  side  of  the  motor. 
This  operation  should  be  performed  within  a  time  period  as  short  as  possible  in  order  to  reduce  the 
effects  of  power  fluctuations  of  the  X-ray  source. 

Assembling  and  fixing  of  all  the  motor  components  must  be  carefully  conducted,  and  fiber 
reinforced  polymer  (FRP)  spacers  must  be  inserted  between  the  edges  of  the  slab  supports  to  avoid 
heat  losses  to  the  side  walls  of  the  free  port.  As  one  of  the  spacers  is  properly  perforated,  its  position 
must  be  carefully  fixed  in  order  to  allow  the  pressure  transducers  to  face  into  the  port. 

Special  attention  has  been  paid  to  the  reductions  of  the  electric  noise  on  the  sensors  due  to  the 
presence  of  the  X-ray  source  with  its  high-voltage  power  supply  and  its  cooling  system  inside  the 
lead  box;  therefore  the  pressure  pick-ups  are  insulated  from  the  motor  body  by  means  of  a  short 
plastic  tube  and  the  X-ray  sensors  are  properly  shielded. 

All  the  components  and  cables  inside  the  lead  box  are  protected  from  the  combustion  gases  (often 
coming  back  into  the  box  after  the  burn-out),  and  the  camera  for  monitoring  the  firing  test  is  placed 
close  to  the  test  stand.  At  last,  the  igniter  is  inserted  and,  after  the  final  check,  the  motor  is  fired 
under  the  control  of  the  PC  interfaced  with  the  data  acquisition  system.  The  data  collected  are  real 
time  presented,  but  further  processing  is  needed  to  store  the  data  in  the  back-up  system  (DAT). 
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RESULTS 


A  typical  calibration  plot  is  shown  in  Fig.  7,  and  the  three  curves  can  be  fitted  by  the  following 
exponential  functions: 


Pos.  6;  V=8.9exp(-0.0535  mO, 

Pos.  7:  V=  7.5  exp(-0.0487  w), 

Pos.  8:  8.9  exp(-0.0545  w)- 

Here,  the  maximum  value  assumed  by  the  variable  w  is  W.  Some  nonlinearities  are  shown  and  are 
due  to  small  fluctuations  over  time  of  the  X-ray  power.  The  raw  data  collected  in  one  test  firing  are 
illustrated  in  Fig.  8.  By  means  of  the  related  calibration  curve  and  a  proper  filtering  procedure,  the 
collected  data  can  be  reduced  to  such  shown  in  Fig.  9  and  are  used  for  further  analysis.  Filtering 
procedures  can  be  as  sophisticated  as  needed,  but  in  this  work  only  a  standard  low-pass  filter  has 
been  applied. 

Depending  on  the  data  acquisition  rate,  the  details  of  the  combustion  of  the  slabs  can  be  investigated 
and  the  local  burning  rate  can  be  measured  and  averaged  on  the  needed  scale  even  if  the  limited 
number  of  tests  carried  out  so  far  can  not  precisely  evaluate  data  reproducibility.  The  result 
presented  in  Fig.  9  shows  that  the  average  burning  rate  (at  Pos.  6  and  Pos.  7,  r/,  =  9.7  ±  0.2  mm/s;  at 
Pos.  8,  rt  =  9.8  ±  0.2  mm/s  at  4  MPa)  is  higher  than  the  burning  rate  measured  at  a  steady-state 
condition,  rt,  =  8.4  ±  0.1  mm/s,  and  therefore  the  effect  of  the  erosive  burning  can  be  evaluated. 
Moreover,  the  three  curves  linearly  fitted  in  the  first  0.2  s  of  the  combustion  event  give  a  burning 
rate  which  at  Pos.  6  and  8  is  r/,  =  9.8  ±  0.2  mm/s  and  at  Pos.  7,  rt,  =  9.9  ±  0.1  mm/s.  Close  to  the 
burn-out  (averaging  time  =  0.2  s),  they  show  a  burning  rate  rh  =  9.7  ±  0.1  mm/s  at  Pos.  6  and  7  and  rf, 
=  9.8  ±  0. 1  mm/s  at  Pos.  8. 

The  results  also  suggest  that  the  erosive  burning  effect  has,  in  this  type  of  motor,  a  scale  larger  than 
the  distance  between  the  three  sensors.  Information  on  the  ignition  process  can  also  be  obtained  by 
evaluating  the  ignition  time.  In  the  present  case,  the  curves  suggest  a  spontaneous  ignition  driven  by 
hot  spots  or  areas. 


Fig.  7  Example  of  Results  from  Calibration 
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Time,  t,  s 

Fig.  8  Raw  Data  for  a  Gap  Distance  of  4  mm 


Fig.  9  Propellant  Thickness  versus  Time  for  a  Gap  Distance  of  4  mm 


CONCLUSIONS 

The  collected  results  have  demonstrated  the  reliability  of  the  diagnostic  system  and  its  suitability  for 
investigation  of  situations  where  accurate  knowledge  of  the  local  nonsteady  burning  rate  is  required. 
This  implies  that  the  present  diagnostic  system  is  quite  promising  as  a  methodology  for  investigating 
the  erosive  burning  characteristics  of  aluminized  composite  propellants  due  to  its  high  spatial  and 
temporal  resolutions.  The  reliability  of  the  diagnostic  system  is  mainly  dependent  on  the 
determination  of  the  calibration  curve  and  the  stability  of  the  X-ray  source.  High  accuracy  of  the 
calibration  curve  is  required  in  regions  where  the  regression  of  the  slab  is  of  strong  interest  for  an 
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examination  of  the  physical  phenomena  involved.  Digital  filtering  techniques  can  also  be  helpful  for 
improving  the  overall  performance  of  the  diagnostic  system,  even  when  the  combustion  process  is 
highly  transient.  Future  work  will  include  a  numerical  simulation  of  the  flowfield  near  the  nozzle 
and  the  development  of  a  method  to  scale  the  results.  This  X-ray  diagnostic  technique  can  also  be 
useful  for  providing  information  about  other  related  phenomena,  such  as  ignition,  burn-out  and 
aluminum  particle  combustion. 
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COMMENTS 

B.  Stokes,  NATO  Hq.,  Brussels,  Belgium.  What  was  the  Mach  number  and  area  ratio  at  the 
downstream  end  of  your  propellant  sample?  Could  you  do  a  CFD  calculation  of  the  test  apparatus  to 
evaluate  the  effect  of  a  2-D  (rectangular)  port  changing  to  a  circular  nozzle?  Perhaps  the  flow  is 
disturbed  at  P3,  P4  and  P5  locations. 


Author's  reply.  Sorry,  but  I  could  not  evaluate  it.  I  think  it  is  a  good  question  because  I  found  in  the 
nozzle  some  deposit  of  AI2O3  suggesting  distortion  of  the  flow.  My  colleagues  will  be  utilizing  a 
CFD  code  to  investigate  the  flowfield  in  close  vicinity  to  the  nozzle. 
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ABSTRACT 

The  objective  was  to  investigate  the  signature  of  various  types  of  solid  rocket  propellants.  The 
emission  and  transmission  characteristics  of  the  plumes  were  studied  experimentally,  the  results  were 
analysed  based  on  molecular  bands  and  continuum  radiation.  The  model  formulations  include  a 
nitramine  propellant,  a  double-base  propellant  and  a  composite  propellant.  Applied  were  rapid¬ 
scanning  filter  wheel  spectrometers  for  the  wavelength  region  from  1.2  to  14  pm  with  a  time 
resolution  of  50  spectra/s  and  a  wavelengths  resolution  of  1%  of  actual  wavelength.  The  UVA^IS 
wavelengths  region  was  recorded  by  an  OMA  system  with  wavelength  resolution  of  0.1  and  1  nm 
and  time  resolution  of  10  spectra  /  s.  Molecular  bands  of  water  and  carbon  dioxide  dominate  in  the 
near  infrared  and  infrared.  Depending  on  composition,  continuous  radiation  indicates  particles  in  the 
rocket  exhaust.  A  code  was  developed  to  calculate  molecular  bands  and  continuous  radiation  using 
temperature  and  species  distributions  found  by  thermodynamic  estimation  to  obtain  the  radiance  of 
the  plume.  Comparison  with  experimental  data  delivered  plume  temperatures. 


INTRODUCTION 

The  signature  of  rocket  plumes  contains  information  about  hot  gases  and  particles  present  in  the 
exhaust  of  rockets.  The  plumes  strongly  scatter,  emit  and  transmit  light.  The  effects  can  be  used  for 
detection,  identification  and  guidance  of  missiles.  In  addition,  the  analysis  of  the  signature  evidently 
delivers  information  about  the  exhaust  of  air  pollutants  which  are  for  example  important  at  high 
altitudes. 

In  principle,  it  would  be  possible  to  obtain  all  data  needed  from  theoretical  calculations.  The 
chemical  in  a  rocket  plume  can  be  estimated  from  thermodynamic  codes  and  the  interaction  with 
light  obtained  from  models  describing  the  radiative  properties  of  the  species  and  the  temperatures  in 
the  plume.  However,  the  conditions  of  the  plumes  seem  to  be  more  complicated  to  be  described  by 
models  based  on  equilibrium  with  sufficient  accuracy. 

•  The  final  products  of  the  combustion  in  the  chamber  expand  at  the  nozzle  by  a  factor  of  100  or 
more.  So  non-equilibrium  distribution  of  temperatures  have  to  be  taken  into  account  which 
reduces  the  applicability  of  codes  for  species  and  radiance. 

•  The  particle  density  which  is  responsible  for  the  strong  continuous  radiation  cannot  exactly  be 
predicted. 
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•  The  after  burning  of  the  plume  leads  to  further  conversion  of  species  not  completely  oxidized.  It 
increases  temperature  depending  on  air  entrainment. 

•  The  chemical  analysis  is  limited  due  to  condensation  and  reactions  when  sampling  at  transient 
conditions  if  experiments  are  performed  in  vacuum  vessels. 

As  a  consequence,  experimental  data  have  to  be  acquired  and  compared  to  theoretical  calculations. 
For  measurement  of  radiative  properties  of  plumes  and  propellant  flames,  spectroscopic  equipment  is 
available  to  cover  the  wavelength  regions  of  interest  from  the  UV  to  the  mid-infrared  with  sufficient 
sensitivity  and  time  resolution.  The  codes  could  be  improved  by  comparison  with  experimental  data. 
It  is  the  objective  of  the  reported  work  to  describe  an  experimental  set  up  for  spectroscopic 
measurements,  theoretical  models  to  predict  the  radiance  of  hot  gases  including  particles,  two  and 
three  atomic  molecules  and  to  present  first  results.  The  most  important  types  of  propellants  are  taken 
into  account  by  using  simplified  compositions  with  the  main  components. 


EXPERIMENTAL 

Emission  spectra  in  the  UV  and  VIS  have  been  detected  using  a  Tracer  Northern  rapid-scan 
spectrometer  TN  6500  with  a  Jarrel  Ash  monochromator  (focal  length  275  mm,  entrance  slit  50 
microns).  To  get  rotationally  resolved  spectra,  a  grating  with  2400  lincs/mm  has  been  chosen 
(wavelength  resolution  20  cm’').  The  detector  is  equipped  with  an  intensified  1024  element  diode 
array.  Minimum  time  resolution  of  the  system  is  10  ms.  Assumed  stationary  conditions,  experimental 
spectra  were  recorded  with  100  ms  per  scan.  If  no  rotational  resolution  was  needed,  a  grating  with 
300  lines/mm  has  been  used  which  gives  spectra  with  a  wavelength  resolution  of  ca  1  nm.  Spectra  in 
the  NIR  (1000  to  2500  nm)  have  been  recorded  applying  a  rotating  filter  wheel  spectrometer 
developed  at  ICT  [1]  (wavelength  regions  from  1.2  to  14  pm  with  a  time  resolution  of  50  spectra  /  s 
and  a  wavelength  resolution  of  1  %  of  actual  wavelength.  A  bomb  equipped  with  windows  (quartz  or 
CaF,)  was  utilized  to  acquire  spectra  of  propellant  flames  and  a  small  standardized  rocket  motor  was 
utilized  to  obtain  spectra  of  plumes. 


DATA  ANALYSIS 

Determination  of  rotational  and  vibrational  temperatures  of  various  diatomic  is  based  on  the 
calculation  of  line  intensities  and  profiles.  The  intensity  of  a  spectral  line  is  given  by  [2]: 

L^^Nhev^A  (1) 

where  V^are  the  atoms  in  the  initial  state,  hev^^  is  the  energy  of  each  emitted  photon  of  the 
transition  and  is  the  Einstein  transition  probability  of  spont^eous  emission.  Taking  into  account 
thermal  equilibrium,  Bom-Oppenheimer  approximation  and  the  explicit  expression  for  Einstein 
coefficients,  equation  (1)  can  be  written  as: 

=  ■  s.^.  ■  v*  ■  exp(-£„,  /  *7,,  -  /  kT„, )  (2) 

where  and  are,  respectively,  the  vibrational  and  rotational  line  strength,  and  are, 
respectively,  the  vibrational  and  rotational  energy  of  the  upper  level,  k  is  the  Boltzmaim  constant  and 
r^.^and  respectively,  the  vibrational  and  rotational  temperatures.  The  constants  and 

parameters  for  the  different  molecules  and  transitions  are  taken  from  literature  [3-5]. 
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Table  1. 

Temperatures  and  main  reaction  products  calculated  from  ICT  thermodynamic  code  for  different 
propellant  formulations  at  10  and  0.1  MPa  simulating  a  rocket  exhaust  plume  including  secondary 

combustion  with  air 


Propellant 

Nitramine 

Double  base 

Composite 

composition 

85%  HMX 

50%  NC  (13.3% 

N) 

80%  AP 

15%  binder 

35%  NG 

10%  A1 

1 1%  Triacetine 

1 0%  binder 

2%  Centralite 

2%  CuO 

atmosphere 

inert 

air 

inert 

air 

inert 

air 

pressure 

10 

0.1  MPa 

10 

0.1  MPa 

10 

0.1  MPa 

temperature 

2293  K 

1227  K 

2508  K 

1317K 

3470  K 

1909  K 

main 

CO2 

5.931 

27.700 

CO2 

21.790 

37.832 

Cl 

2.332 

0.261 

reaction 

H2O 

9.132 

10.111 

H2O 

17.215 

10.746 

CO2 

8.362 

19.647 

products 

N2 

32.551 

62.168 

N2 

13.332 

50.743 

H2O 

20.720 

18.089 

in  wgt.% 

CO 

49.946 

0.001 

CO 

45.021 

0.013 

N2 

9.509 

34.100 

H2 

2.421 

0.000 

H2 

1.008 

0.000 

CO 

14.724 

0.228 

OH 

1.487 

0.034 

HCl 

22.166 

15.492 

Temperatures  have  been  determined  by  comparing  calculated  line  profiles  to  experimental  data  [6]. 
Therefore,  a  line  profile  must  be  taken  into  account.  In  case  of  our  spectral  resolution  (about  20  cm  ’), 
the  line  profile  is  dominated  by  the  slit  function  of  the  spectrometer  and  can  be  approximated  by  a 
single  Lorentzian.  The  broadened  lines  are  overlapped  by  adding  the  contribution  of  each  line  at  a 
given  wavenumber. 

A  quantitative  data  analysis  of  infrared  spectra  has  been  applied  by  band  modelling.  The  used 
computer  program  BAM  can  calculate  NTR/IR-spectra  (1-10  pm)  of  inhomogeneous  gas  mixtures 
of  HjO  (with  bands  around  1.3,  1.8,  2.7  and  6.2  pm),  CO2  (with  bands  around  2.7  and  4.3  pm),  CO, 
NO  and  HCl  and  can  take  into  account  emission  of  soot  particles.  It  is  based  on  the  single  line  group 
model  and  tabulated  data  of  H2O  and  COj  (see  [7]).  Because  there  are  many  unknown  parameters 
influencing  the  emission  spectrum  of  an  inhomogeneous  gas  mixture,  only  a  simplified  model  can  be 
applied.  Therefore  we  have  assumed  that  there  is  just  one  emitting  layer  of  undefined  thickness, 
constant  temperature,  constant  concentration  of  the  various  gases  and  soot  particles  which  are  in 
thermal  equilibrium. 


RESULTS  AND  DISCUSSION 

The  adiabatic  flame  temperature  and  equilibrium  compositions  of  model  propellant  formulations  has 
been  calculated  using  a  themodynamical  code  developed  at  ICT  [8].  Results  and  description  of  the 
basic  formulations  are  shown  in  table  1.  Reaction  products  and  temperatures  were  obtained  assuming 

•  an  inert  atmosphere  at  10  MPa 

•  a  combustion  in  air  (stoechiometric)  after  expanding  to  0. 1  MPa. 

The  latter  data  should  account  for  after  burning  of  the  species  in  the  rocket  plume. 

A  medium  resolved  UVA^IS  spectrum  recorded  from  a  rocket  exhaust  plumes  of  a  composite 
propellant  is  shown  in  fig.  1.  The  spectrum  is  dominated  by  continuous  radiation  emitted  from 
particles.  Observable  radiation  of  hot  gases  are  band  profiles  of  the  OH  radical  and  MgOH  (present 
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because  of  impurities).  The  continuous  spectrum  can  be  approximated  by  a  gray  body  radiation  of 
particles  and  the  temperature  estimated  to  2600  K. 


wavelength  [nm] 


Figure  1.  UVA/’IS  spectrum  of  a  composite  propellant  exhaust  plume  acquired  at  a  spectral 
resolution  of  1  nm. 


Figure  2.  Rotationally  resolved  OH  0-0  band  for  temperature  determination  in  a  composite 
propellant  exhaust  plume 

The  band  profile  of  OH  has  been  rotationally  resolved  by  using  a  2400  g/mm  grating.  The  0-0  band 
of  OH  has  been  compared  to  calculated  intensity  distribution  for  temperature  determination  (see  fig. 
2).  Average  rotational  temperatures  15  cm  behind  the  nozzle  were  about  2500  to  3000  K.  The 
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calculated  adiabatic  temperature  at  a  pressure  of  10  MPa  (pressure  in  the  burning  chamber)  is  3500 
K.  Taking  into  account  expansion  to  0.1  MPa,  temperatures  of  2000  K  are  expected  (see  table  1). 

Nitramine  and  double-base  propellants  show  no  radical  emission  in  the  plumes.  Experimental 
investigation  of  nitramine  and  double  base  propellants  in  an  optical  bomb  allowed  temperature 
determination  from  UVA^IS  band  profiles  of  various  molecules.  The  results  can  be  found  in  [9,  10]. 
The  thermodynamical  data  of  the  ICT  code  [8]  were  used  for  modelling  of  infrared  spectra  and 
compared  to  experimental  data.  Fig.  3  shows  a  spectrum  of  a  composite  propellant  flame.  The 
calculated  spectrum  has  been  obtained  assuming  a  single-emitting-layer-model: 

c/,,41 (3) 

L=path  lengths,  k,=absorption  koefficient; 

Comparing  calculated  intensity  distributions  to  the  emitted  radiation  of  a  double  base  propellant,  a 
multi-layer-model  has  to  be  applied  taking  into  account  a  temperature  and  concentration  gradient  in 
the  flame  and  exhaust  (see  Fig.  4).  Fig.  5  shows  a  comparison  of  a  measured  and  a  calculated 
spectrum  of  a  nitramine  propellant  flame. 
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Figure  3,  Comparison  of  a  calculated  and  experimental  spectrum  of  a  composite  propellant  flame, 
(the  peak  at  5.5  pm  is  caused  by  the  change  of  the  detector  InSb  to  HgCdTe) 
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Figure  4.  Comparison  of  a  calculated  and  experimental  spectrum  of  a  double  base  propellant  flame 
(T  =  2200  K) 

As  expected,  the  infrared  region  of  spectra  from  propellant  flames  is  dominated  by  the  emission  of 
H2O  and  CO2.  The  spectra  of  the  nitramine  and  the  double-base  show  a  weak  continuum  with  respect 
to  the  bands  of  the  combustion  products.  The  spectra  confirm  that  these  propellant  types  produce 
very  low  signatures.  A  strong  CO  emission  is  found  in  the  spectra  of  the  double-base  caused  by  the 
low  oxygen  balance  of  the  composition.  It  agrees  qualitatively  with  the  result  of  the  calculation. 
Spectra  of  double  base  rocket  plumes  indicate  the  strong  after  burning  of  especially  CO  by  the 
increase  of  the  observed  temperature  at  some  distance  after  the  nozzle  and  an  additional  weak  broad 
band  in  the  blue  wavelengths  region.  The  agreement  of  experimental  and  calculated  spectra  is  low  in 
the  region  of  the  CO2  band,  because  of  self  absorption  and  atmospheric  absorption,  which  have  not 
been  accounted  for.  The  bands  of  the  nitramine  are  better  approximated  by  the  model.  The 
temperature  is  found  to  be  close  to  the  calculated  one.  The  temperatures  obtained  for  the  flames  of 
double-base  propellants  are  200  to  300  K  below  the  adiabatic  value  obtained  from  the 
thermodynamic  code.  The  difference  can  be  assigned  to  the  heat  loss  of  the  flame  by  radiation 
cooling,  but  the  error  of  the  measurement  is  estimated  to  be  about  5  %. 

The  emission  of  the  composite  propellant  is  governed  by  continuous  radiation.  The  molecular  bands 
are  small  including  the  CO2  band.  The  temperature  derived  mainly  from  the  continuous  emission 
deviated  strongly  from  the  data  calculated  by  the  thermodynamic  code.  The  cooling  of  the  flame  by 
radiation  could  be  high  but  cannot  explain  the  difference.  The  molecular  bands  are  too  small  and  too 
affected  by  noise  to  give  reliable  data. 
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Figures.  Comparison  of  a  calculated  and  experimental  spectrum  of  a  nitramine  propellant  flame  (T  = 
2200  K) 
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CARS  MEASUREMENTS  OF  TEMPERATURE  FLUCTUATIONS 
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ABSTRACT:  A  mobile  CARS  system  has  been  used  to  determine  temperatures  and  their 
fluctuations  in  a  high-pressure  combustion  test  rig  with  a  maximum  thermal  power  of  8  MW. 
Probability  density  functions  of  the  temperature,  each  based  on  1000  single-shot  measurements,  have 
been  deterniined  at  different  radial  and  axial  locations  within  the  combustion  chamber  in  turbulent 
natural  gas  and  oil  flames  up  to  a  pressure  of  14  bar.  Analysis  of  the  frequency  spectrum  of  the 
temperature  probability  density  functions  reveals  periodic  fluctuations  of  the  flame. 

A  high  degree  of  turbulence,  an  increased  pressure  together  with  an  extended  size  of  the  combustion 
chamber  caused  beam  propagation  effects  to  become  a  serious  problem  for  this  measuring  techmque. 
Temperature  determinations  in  sooty  oil  flames  became  even  more  difficult  due  to  the  sfrong 
absoiption  of  a  part  of  the  fundamental  band  of  the  CARS  spectrum  by  radicals. 

Introduction 

The  constraints  on  pollutant  production  by  fossil  combustion  processes  have  increased  during  the  last 
years  enforcing  the  development  of  sophisticated  combustion  technologies.  Proven  to  successfully 
reduce  the  emission  of  nitrous  oxides,  the  lean  premixed  technique  has  emerged  as  a  concept  for  gas 
turbine  combustors.  A  high  degree  of  turbulence  is  employed  to  mix  fiiel  and  oxidizer.  High  pressure 
and  a  macro  scale  of  the  turbulence  of  some  centimeters  lead  to  very  high  turbulent  Reynolds 
numbers  (>10®).  Such  conditions  are  not  easily  achieved  in  laboratory-based  combustors.  To  validate 
numerical  models  for  gas  turbine  combustors  working  under  realistic  conditions,  optical  diagnostic 
methods  have  to  be  applied.  Such  measurements  at  industrial  sites  and  large-scale  test  rigs  became 
feasible  by  the  development  of  mobile  systems  which  remain  operational  even  under  harsh 
conditions. 

Coherent  Anti-Stokes  Raman  Scattering  (CARS)  is  a  well-established  and  accepted  tool  for  non- 
intrusive  determination  of  gas  temperature  in  combustion  processes.*'^  Because  of  its  natural 
abundance  in  air  fed  flames,  Nj  is  widely  used  as  temperature  probe  molecule.  With  multiplex 
CARS,  the  complete  Q-branch  spectrum  of  nitrogen  and  therefore  the  temperature  can  be  measured 
with  a  single  laser  shot.  Hence,  the  temporal  resolution  of  this  technique  exceeds  the  needs  dictated 
by  the  fluid  dynamic  time  scales  in  a  flame.  The  obtainable  spatial  resolution  typically  ranges  from 
parts  of  a  millimeter  to  some  ten  millimeters,  depending  on  the  optical  accessibility  of  the  process 
under  investigation  and  the  signal  level  required  to  deduce  a  reasonable  accurate  temperature  from 
the  recorded  spectra.  Commercial  combustors  are  often  limited  in  their  optical  accessibility  in  order 
to  avoid  a  change  in  the  operating  behaviour  by  too  extensive  modifications  of  the  construction.  This 
may  result  in  a  spatial  resolution  which  is  too  poor  for  measurements  in  media  exhibiting  high 
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temperature  gradients.  However,  the  spatial  resolution  commonly  realized  for  measurements  within 
large-scale  combustors  at  realistic  conditions  ends  up  with  several  millimeters  rendering  CARS,  in 
most  of  the  cases,  unable  to  resolve  the  flame  front.  Different  approaches  have  been  studied  to  cope 
with  such  situations.^*  However,  in  turbulent  environments  single  shot  CARS  data  are  recorded  to 
establish  temperature  histograms  which  deliver  reliable  temperature  information  as  long  as  the  size 
of  the  turbulence  exceeds  the  spatial  resolution. 

The  applicability  of  the  CARS  technique  for  temperature  measurements  in  high-pressure  environ¬ 
ments  has  already  been  shown  for  a  number  of  technically  relevant  systems,  such  as  internal 
combustion  engines,  jet  engines,  and  solid  propellant  flames.^'"  Nevertheless,  some  difficulties  in  the 
evaluation  of  high-pressure  CARS  spectra  are  still  under  investigation.  These  concern  the  proper 
description  of  the  collision  dynamics  for  a  number  of  collision  partners  over  a  wide  range  of 
temperature  and  pressure  and  the  contribution  of  the  nonresonant  background  to  the  CARS  signal. 

In  this  report  preliminary  results  of  measurements  carried  out  at  a  high  pressure  test  rig  on  turbulent 
natural  gas/air,  and  sooty  oiRair  flames  are  presented.  Caused  by  the  size  of  the  combustion  chamber 
the  most  serious  limitations  for  optical  diagnostics  stem  from  beam-propagation  effects.  Ray¬ 
bending  effects,  increase  of  beam  divergence,  and  appearance  of  speckles  are  obstacles  in  the 
conversion  process  of  the  incident  light  waves  into  the  CARS  signal. 


Experimental 

The  mobile  CARS  system  used  for  the  measurements  outlined  in  this  contribution  has  been  built  at 
the  Paul  Scherrer  Institute.  It  has  already  been  described  elsewhere.^  Therefore,  only  the  most  salient 
features  will  be  repeated  here.  The  apparatus  consists  of  a  laser  unit,  a  beam  handling  and  delivery 
section,  and  a  detection  unit.  The  laser  unit  includes  the  laser  sources  necessary  for  nitrogen  CARS 
thermometry,  their  power  supplies  and  the  beam  alignment  optics  in  a  stable  frame,  2  m  long,  0.8  m 
wide,  and  1.35  m  high.  Temperature  stabilization  and  insulation  against  mechanical  vibrations  allow 
its  employment  even  under  harsh  conditions.  The  system  is  built  around  a  frequency-doubled 
Nd:YAG  laser  running  at  a  repetition  rate  of  20  Hz.  A  two-stage  broadband  dye  laser  using 
Rhodamine  101  dye  dissolved  in  methanol  provides  the  Stokes  beam.  Different  phase  matching 
configurations  can  be  employed  for  signal  generation.  To  allow  measurements  of  temperature 
profiles,  the  lens  that  focuses  the  laser  beams  into  the  burner  can  be  translated  on  a  motorized  table 
by  200  mm.  A  second,  identical  device  is  used  to  move  the  recollimating  lens.  The  resonant  signal  is 
focused  into  a  glass  fiber  bundle  and  guided  to  the  monochromator,  A  part  of  the  laser  light  is  used 
to  generate  a  nonresonant  reference  signal  in  a  gas  cell  filled  with  butane  at  a  pressure  of  2  bar.  This 
signal  is  used  to  reference  the  resonant  signal  to  the  spectral  profile  of  the  broadband  dye  laser,  the 
individual  sensitivity  of  the  camera  diodes  and  the  transmission  characteristics  of  the  optical 
components  of  the  detection  unit.  The  reference  signal  is  focused  into  a  second  fiber  bundle.  The  two 
bundles  are  merged  in  a  "Y"  junction  and  formed  into  a  rectangular  array  about  2  mm  high  and 
50  mm  wide.  The  exit  face  of  the  combined  fiber  bundle  is  imaged  onto  the  entrance  slit  of  the 
monochromator  (1  m  focal  length,  2400  grooves/mm  grating).  Resonant  and  nonresonant  CARS 
signals  are  alternatively  detected  with  a  gated,  intensified  diode  array  camera.  The  translation  of  the 
measurement  volume  and  the  acquisition  of  reference  and  single-pulse  resonant  spectra  are 
automated  and  run  under  control  of  a  PC  program. 

With  each  shot  of  the  laser  system  a  spectrum  can  be  recorded  and  stored,  resulting  in  a  maximum 
data  acquisition  rate  of  20  Hz.  The  temporal  resolution,  given  by  the  duration  of  the  laser  pulse 
(approx.  10  ns),  comfortably  exceeds  the  demands  encountered  in  the  investigation  of  turbulent 
flames.  The  obtainable  spatial  resolution  depends  on  the  angle  at  which  the  laser  beams  are  focused 
into  the  measurement  volume,  and  also  on  the  phase  matching  geometry  employed.  Beam  steering 
effects  originating  from  changes  in  the  refractive  index  in  the  medium  under  investigation  may  lead 
to  an  imperfect  overlap  of  the  beams  at  the  focus  and  therefore  to  a  reduced  CARS  signal  intensity. 


935 


The  USED  CARS  beam  geometry'*  is  somewhat  less  affected  by  beam  steering  effects  than  the 
folded  BOXCARS^  configuration  at  the  expense  of  a  reduced  spatial  resolution.  The  USED  CARS 
geometry  is  realized  by  a  doughnut  shaped  pump  beam  accommodating  the  Stokes  beam.  Focused 
by  a  lens  the  beams  overlap  each  other  and  create  the  sampling  volume.  With  a  focal  length  of 
400  mm,  90%  of  the  CARS  signal  is  generated  within  a  volume  extending  1 1  mm  in  direction  of  the 
laser  beams.  To  some  extent,  the  spatial  resolution  determined  under  laboratory  conditions  has  to  be 
relaxed  for  measurements  in  processes  subjected  to  strong  turbulence. 

The  precision  of  the  single-pulse  measurements  has  been  validated  in  a  stable,  laminar  laboratory 
flame.  For  an  isothermal  medium  the  repeated  determination  of  the  temperature  results  in  a  Gaussian 
shaped  distribution  of  the  temperatures  around  the  true  value.  At  2000  K,  a  standard  deviation  of  the 
temperature  measurement  of  70  K  has  been  determined.  The  width  of  the  distribution  is  mainly 
caused  by  mode  fluctuations  of  the  broadband  Stokes  laser.  Furthermore,  the  accuracy  of  the  CARS 
temperature  measurement  has  been  cross-checked  in  a  graphite  tube  furnace  against  pyrometric 
temperature  determinations.  The  discrepancy  was  smaller  than  70  K  at  2000  K. 


Measurements 

CARS  measurements  of  temperature  fluctuations  were  carried  out  in  a  test  rig  which  was  built  as  a 
joint  test  facility  for  high-pressure  combustion  by  Asea  Brown  Boveri  (ABB),  Switzerland,  the 
Federal  Institute  of  Technology,  Zurich,  and  the  Paul  Scherrer  Institute.  The  test  rig  was  equipped 
with  a  double  cone  burner  developed  by  ABB.*’  A  double-cone  burner  comprises  two  halves  of  a 
cone  that  are  shifted  with  respect  to  each  other  in  radial  direction  such  that  two  inlet  slits  of  constant 
width  are  formed.  Preheated  air  enters  the  burner  via  these  slits  producing  a  strong  swirl.  The  swirl 
mixes  the  fuel,  which  is  injected  in  axial  direction,  with  the  burner  air.  The  degree  of  swirl  is  chosen 
such  that  near  the  burner  outlet  the  flow  undergoes  a  sudden  vortex  breakdown,  resulting  in  a  zone 
of  recirculation,  which  acts  as  an  hydrodynamic  flame  holder. 

The  double-cone  burner  had  an  outlet  diameter  of  100  mm.  It  was  mounted  in  a  liner  with  a  diameter 
of  155  mm.  Holes  in  the  wall  of  the  liner  allowed  for  the  optical  access.  Within  the  liner,  the  burner 
could  be  translated  in  the  axial  direction  with  respect  to  the  axis  of  optical  access. 

At  18  bar,  the  maximum  operating  pressure  of  the  test  rig,  a  thermal  power  of  8  MW  is  achieved 
with  a  fuel  throughput  of  200  g  per  second,  and  an  air  mass  flow  of  4.5  kg  per  s^ond.  The  burner 
air  can  be  preheated  up  to  500  °C.  Typically,  an  air/fuel  ratio  around  ^=2  has  been  used.  Hie 
turbulent  Reynolds  number  exceeds  10^,  and  the  Karlovitz  and  DamkShler  numbers  are  larger  than 
one.  Little  is  known  about  flames  under  this  condition.  However,  thick  turbulent  flames  are 
expected. 

In  turbulent  flames,  there  are  strong  fluctuations  of  the  CARS  signal  amplitude  which  are  caused 
both  by  the  intrinsic  temperature  dependence  of  the  CARS  signal  and  by  beam  propagation  effects. 
The  decay  time  of  the  phosphor  used  in  the  camera  intensifier  sets  a  limit  on  the  rate  at  which 
individual  spectra  can  be  read  out  sequentially,  because  a  low-intensity  spectrum  may  be  obscured 
by  the  residual  lag  from  a  preceding  high-intensity  spectrum.  However,  in  this  burner  the  expected 
temperatures  lie  within  the  relatively  narrow  range  of  650  K  and  2000  K,  corresponding  to  an 
intensity  change  at  the  signal  maximum  of  only  about  a  factor  of  130.  Therefore,  the  maximum  data 
acquisition  rate  of  20  Hz  could  be  used  for  the  single-shot  spectra.  A  standard  temperature 
measurement  of  one  point  within  the  radial  profile  consists  of  1000  single-pulse  spectra.  The 
temperature  information  is  extracted  from  the  flame  spectra  by  comparison  with  a  library  of 
theoretical  CARS  spectra,  pre-calculated  for  25  K  incren^nts.  The  resulting  temperatures  are 
compiled  in  normalized  histograms  with  10  K  bin  width  as  so  called  probability  density  functions 
(pdfs)  of  the  temperature.  Measurements  have  been  carried  out  for  different  pressures  in  gas-and 
oil-fed  flames. 
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Results  and  Discussion 


Even  employing  a  USED  CARS  phase  matching  geometry  which  minimizes  the  influence  of  ray¬ 
bending  on  the  CARS  signal  intensity,  the  signal-to-noise  ratio  was  worse  than  could  be  expected. 
There  have  been  two  obvious  reasons  for  that.  First,  we  found  that  the  divergence  of  a  laser  beam 
passing  the  combustion  chamber  is  proportional  to  the  gas  pressure.  Going  from  atmospheric 
pressure  up  to  14  bar,  the  divergence  has  tripled.  Furthermore,  at  high  pressure,  the  transmitted  laser 
beams  show  a  well-developed  granular  pattern  of  the  intensity,  so  called  speckles.  They  arise  when 
the  beam  of  a  coherent  light  source  passes  areas  of  strong  turbulence.  Increasing  divergence  and 
appearance  of  speckles  are  obstacles  in  the  conversion  process  of  the  incident  light  waves  to  the 
Anti-Stokes  beam,  thus  contributing  to  the  low  signal  level. 


performance 


Figure  1.  3D-histogram  of  the  performance  index  of  the  temperature  determination  for  a  series  of 
radial  measurements  at  the  axial  position  x=216  mm. 

To  characterize  the  quality  of  the  temperature  measurement,  we  introduced  a  performance  index  p 
defined  by  /?  =  >  where  is  the  sum  of  squared  differences  of  measured  and 

calculated  CARS  spectrum,  and  is  the  total  intensity  of  measured  spectrum.  A  performance  index 
of  zero  is  attached  to  spectra  which  did  not  match  a  theoretical  spectrum.  For  a  series  of  radial 
measurements  at  the  position  of  two  burner  diameters  downstream  of  the  burner  outlet,  the 
performance  indices  of  temperature  measurements  carried  out  in  a  natural  gas  flame  at  9  bar  are 
compiled  in  a  3D-histogram  (see  Fig.  1).  The  bin  width  is  0.1.  High-quality  temperature 
measurements  are  possible  near  the  wall  of  the  combustion  chamber,  at  the  entrance  side  of  the  laser 
beams.  Closer  to  the  center  of  the  combustion  chamber,  the  quality  of  the  temperature  measurements 
deteriorates  more  and  more.  The  crossing  of  the  flame  front  by  the  measurement  volume  is  indicated 
by  the  drastic  change  of  the  performance  index  between  the  radial  positions  48  mm  and  28  mm.  For 
an  oil-fed  flame,  the  performance  index  of  the  temperature  measurement  behaves  similarly. 

Radial  profiles  of  CARS  temperatures  were  measured  at  various  axial  positions  in  the  burner 
chamber.  To  illustrate  the  results.  Fig.  2  shows  temperature  pdfs  obtained  at  two  locations  along  the 
burner  axis  for  a  natural  gas/air  flame  (p=9  bar,  X=1.95,  air  preheat  temperature  420  °C).  Near  the 
burner  outlet  (x=16  mm,  the  x-axis  starts  at  the  burner  outlet  and  points  along  the  gas  flow),  the  pdf 
is  rather  broad  and  strongly  skewed,  with  a  maximum  slightly  above  the  reactant  temperature.  Only 
a  fraction  of  the  fuel  has  reacted  yet.  The  mean  temperature  is  T^y  =  1197  K  with  a  standard 
deviation  of  a  =  338  K.  Further  downstream  (x=116mm),  the  average  temperature  has  increased 
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substantially.  A  mean  temperature  of  T^y  =  1884  K  and  a  standard  deviation  of  a  =  245  K  are 

established.  The  high  mean  temperature  indicates 
almost  complete  conversion  of  the  fuel. 

Periodic,  temporal  oscillations  of  the  temperature  can 
be  recognized  by  analyzing  the  frequency  spectrum. 
Figure  3  shows  the  power  special  densities  (psd's)  of 
the  temperature  determinations  which  have  been  used 
to  construct  the  pdfs  displayed  in  Fig.  2.  We  removed 
the  DC  part  of  the  spectrum  to  obtain  a  better 
representation  of  the  other  frequency  components. 
While  there  is  no  evidence  for  a  periodic  fluctuation 
of  the  temperature  for  the  measurement  carried  out  at 
x=116  mm,  r=8  mm  (r  is  measured  from  the  axis  of 
the  combustion  chamber),  the  psd  of  the  temperature 
determination  at  the  burner  outlet  (x=16  mm, 
r=8  mm)  exhibits  a  strong  and  sharp  peak  at  2.3  Hz. 
At  this  point,  the  temperature  oscillates  periodically 
between  800  K  and  1600  K.  The  flame  moves  across 
the  measurement  point.  If  the  flame  front  lies  within 
the  measurement  volume  an  intennediate  temperature 
is  indicated.  Figure  4  shows  an  overview  of  the 
locations  in  the  combustion  chamber  where 
pronounced  peaks  in  the  psd  of  the  temperature 
measurement  were  found.  The  height  of  the  bar  is 
proportional  to  the  intensity  of  the  assigned  frequency 
in  the  psd.  Open  bars,  hatched  bars,  and  solid  bars 
correspond  to  a  pressure  of  3  bar,  9  bar,  and  14  bar  in 
the  combustion  chamber. 

At  constant  pressure  and  for  one  axial  position, 
temperature  measurements  at  different  radial  positions 
exhibit  a  pronounced  peak  in  the  psd  at  the  same 
position.  For  the  oil  fed  flame  the  behaviour  is  similar. 
However,  the  peaks  in  the  psd  of  the  temperature 
measurement  appear  not  so  pronounced  as  in  the  case 
of  the  gas-fed  flame. 

At  each  measurement  location  the  temperature  is  sampled,  according  to  the  repetition  rate  of  the 
laser  system,  with  a  time  interval  At  =  50  ms.  The  bandwidth  of  the  measurement  is  limited  to 
frequencies  smaller  or  equal  to  the  Nyquist  frequency,  given  by  fj^  =  l/2At.  No  obvious  reasons  limit 
the  frequencies  of  temperature  fluctuations  occurring  in  the  flame  to  frequencies  below  the  Nyquist 
frequency.  Therefore,  it  is  very  likely  that  frequencies  outside  of  the  frequency  range  (-W  are 
mirrored  into  that  range  by  the  process  of  discrete  sampling.  This  phenomenon  is  called  aliasing. 
Two  frequencies  differing  by  a  multiple  of  the  sampling  frequency  lead  to  a  peak  at  the  sanx 
position  in  the  psd. 

The  sharpness  of  the  peak  in  the  psd  indicates  that  the  oscillation  period  is  very  stable.  Especially,  if 
the  measured  oscillation  is  due  to  aliasing  of  a  much  higher  frequency.  There  are  several  reasons 
which  can  cause  a  periodic  fluctuation  of  the  flame.  The  most  trivial  one  might  be  an  oscillating 
flow  controller.  On  the  other  hand,  from  pulsation  measurements  at  the  same  burner  under  similar 
conditions,  it  is  known  that  there  are  flame  oscillations  of  some  100  Hz  corresponding  to  the 
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Figure  2.  Single  Pulse  CARS  temperature 
pdfs  obtained  in  the  middle  of  the 
combustion  chamber.  The  upper  pdf  was 
recorded  at  x=116mm,  the  lower  at 
x=16  ram,  see  text. 
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resonance  frequencies  of  the  liner.  Unfortunately,  no  pulsation  measurements,  which  could  resolve 
this  ambiguity,  have  been  carried  out  synchronously  with  the  temperature  determinations. 


Figure  3.  Frequency  spectra  of  the  temperature  measurements  displayed  in  Fig.  2. 


Probability  density  functions  are 
used  as  input  for  probabilistic 
combustion  models.  However,  for 
illustrative  purposes  it  is  necessary  to 
reduce  the  data  material.  This  is 
accomplished  by  characterizing  the 
temperature  pdfs  by  the  first  three 
moments  of  the  distribution,  the 
mean,  the  standard  deviation,  and  the 
skewness.  In  Fig.  5  the  resulting 
mean  temperatures,  standard 
deviations,  and  skewness  of  three 
radial  profile  measurements  (at  x  = 
16  mm,  116  mm,  and  216  mm)  are 
radial  position  /  mm  summarized  for  a  gas  flame  at  9  bar 

and  an  oil  flame  at  7.5  bar.  The 
broken  lines  indicate  the  center  axis 
Figure  4.  Overview  of  the  fluctuation  frequencies  of  the  ^nd  the  wall  position  of  the 

flame  observed  at  different  axial  and  radial  positions.  Open,  combustion  chamber,  respectively, 

hatched,  and  solid  bars  correspond  to  pressures  of  3  bar,  Pqj-  ^11  three  axial  locations  the 

9  bar,  and  14  bar,  respectively.  temperature  is  highest  a  small 

distance  away  from  the  center,  and 
drops  towards  the  wall  to  a  value 
corresponding  to  the  preheat 
temperature.  There  is  no  great 
difference  in  the  temperature  profile  of  the  two  axial  positions  farthest  away  from  the  burner  outlet, 
indicating  that  the  combustion  process  has  already  finished.  The  same  conclusion  can  be  drawn  from 
the  behaviour  of  the  standard  deviation  and  the  skewness.  Clearly,  the  measurements  suggest  that 
there  is  no  recirculation  of  hot  product  gases  along  the  wall  of  the  combustion  chamber  in  contrast  to 
this  burner  under  atmospheric  pressure.^ 

There  are  no  significant  problems  for  temperature  measurements  by  CARS  up  to  a  pressure  of  9  bar. 
Broad  temperature  pdfs  ranging  from  the  temperature  of  preheated  air  to  adiabatic  flame 
temperature  indicate  that  there  are  hot  and  cold  zones  larger  than  the  temperature  sampling  volume. 
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At  14  bars  there  are  only  small  changes  of  mean  temperature  and  standard  deviation  with  respect  to 
the  measurement  position  within  the  combustion  chamber.  The  homogeneity  of  the  measured 
temperature,  which  lies  clearly  below  the  adiabatic  flame  temperature,  allows  the  conclusion  that 
there  are  cold  and  hot  regions  in  the  flame  which  arc  smaller  than  the  temperature  sampling  volume. 


radial  position  /  mm 


Figure  5.  Radial  profiles  of  the  mean  temperature,  standard  deviation,  and  skewness  obtained  for 
a  natural  gas/air  flame  at  9  bar  (left  side)  and  for  an  oil  flame  at  7.5  bar  (right  side). 


Another  difficulty  was  encountered  during  CARS  measurements  in  sooty  oil  flames.  Figure  6  shows 
a  time  averaged  nitrogen  Q-branch  CARS  spectrum  which  has  been  recorded  in  the  middle  of  the 
combustion  chamber  close  to  the  burner  exit  at  a  pressure  of  7.5  bar.  Comparison  with  a  calculated 
spectrum  shows  that  the  fundamental  band  is  strongly  distorted.  It  is  well  known^^  that  for  a 
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Figure  6.  Nitrogen  Q-branch  CARS  spectrum  (theoretical  spectrum  -  dashed  line;  measured 
spectrum  -  solid  line). 

Nd:YAG  based  CARS  system  the  nitrogen  Q-branch  coincides  with  the  v’=l<-v”=0  transitions  of 
the  A''n^-X'n„  system  of  the  C^  radical  at  about  2320  cm'\  The  v’=2<-v”=l  transitions  of  the  same 
system  can  also  be  seen  at  about  2420  cm  Serious  errors  in  temperature  determination  may  result 
from  fitting  such  spectra,  unless  that  part  of  the  spectrum,  which  is  influenced  by  the  Cj  absorption, 
is  excluded  from  the  fit.  The  best  fit  to  the  whole  spectrum  shown  in  Fig.  6  results  in  a  temperature 
of  about  2130  K.  A  temperature  of  1480  K  is  obtained  by  a  fit  to  the  unaffected  part  of  the  spectrum. 
In  this  way,  unfortunately,  the  strongest  part  of  the  signal  has  to  be  rejected  from  the  evaluation 
process  leading  to  a  deterioration  in  accuracy  and  precision  of  the  measured  temperatures.  However, 
Cj  absorption  was  only  a  problem  for  measurements  in  the  middle  of  the  combustion  chamber  in 
close  proximity  to  the  burner  exit. 


Summary 

CARS  measurements  of  temperatures  and  their  fluctuations  have  been  carried  out  in  large-scale, 
turbulent,  high-pressure  flames  fueled  by  natural  gas  and  oil.  Especially  for  the  natural  gas/air  flame, 
we  found  periodic  fluctuations  of  the  flame,  A  high  degree  of  turbulence,  an  increased  pressure 
together  with  an  extended  size  of  the  combustion  chamber  caused  beam  propagation  effects  to 
become  a  serious  problem  for  this  measurement  technique.  At  the  center  of  oil  flames,  C^  absorption 
has  to  be  taken  into  account. 
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ABSTRACT:  Electro-acoustic  characteristics  of  various  acoustic  oscillators  operating  on  the  basis 
of  modulated  electrical  discharges  are  studied.  The  results  of  experimental  studies  of  acoustic 
instability  in  model  and  real  ram-jet  and  liquid-rocket  combustors  are  presented  in  the  form  of  the 
spectrum  of  the  pressure-oscillation  response  to  a  harmonic  perturbation  generated  by  modulated 
discharges.  A  new  promising  method  for  active  control  of  unstable  combustion  modes  is  developed 
based  on  the  use  of  electrical  discharges  using  a  current-  or  voltage-stabilized  power  source.  A 
selective  sensitivity  of  the  combustion  zone  to  external  perturbation  is  discovered  in  experiments 
with  premixed  hydrocarbon  flames  exposed  to  modulated  discharges.  Experiments  performed  in 
model  combustors  revealed  that  combustion  instability  arises  when  the  fuel  resonance  coincides  with 
the  acoustic  combustor  resonance.  The  developed  method  and  results  are  also  applicable  to 
propellant  combustors  and  hybrid  solid  propellant  chambers. 


INTRODUCTION 

During  the  burning  of  gaseous,  liquid  or  solid  fuels  in  the  combustion  chambers  of  various  power 
units,  unstable  regimes  of  combustion  can  appear  spontaneously  [1,  2].  Such  regimes  are 
undesirable  in  rocket  and  air-jet  engines  as  they  can  lead  to  a  disturbance  of  the  normal  combustion 
process  and  in  extreme  cases  to  the  actual  destruction  of  the  combustor.  The  level  of  understanding 
of  this  problem  is,  at  present,  not  yet  sufficiently  advanced  to  be  able  to  predict  the  possible 
occurrence  of  such  instabilities,  as  for  example,  the  buildup  of  a  self-oscillating  regime. 

It  is  common  knowledge  that  a  system  is  considered  to  be  dynamically  stable  if  it  returns  to  its  initial 
state  after  a  disturbance  is  introduced  by  some  internal  or  external  perturbing  mechanism.  This  gives 
an  approach  to  the  study  of  normal  process  stability  in  combustors,  supported  by  a  large  number  of 
laboratory  and  on-site  tests,  which  can  predict  the  probability  for  onset  of  instability  in  many  cases. 

It  is  noted  [1]  that  for  the  best  estimation  of  stability,  it  is  necessary  that  all  modes  of  unstable 
combustion  are  excited  artificially  to  obtain  oscillations  of  the  required  amplitude.  However,  it  is 
also  noted  that  the  realization  of  this  approach  is  extremely  difficult  for  several  reasons.  First,  there 
exists  only  an  approximate  theoretical  model  of  the  exciting  oscillation  mechanism.  Second,  there 
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are  so  far  no  reliable  methods  for  initiating  disturbances  in  a  combustion  chamber  which  give  known 
and  controllable  characteristics.  For  this  aspect,  the  development  of  new  devices  which  would  excite 
an  operating  combustion  system  with  disturbances  of  the  required  frequency  and  amplitude,  but 
without  destroying  the  working  process  in  the  chamber,  is  very  important  and  desirable.  To  reduce 
unsteady  combustion  modes,  it  is  also  essential  to  develop  entirely  new  predictive  methods  which 
could  in  turn  lead  to  active  control  of  such  combustion  instabilities  in  the  chamber. 

This  paper  presents  results  of  an  analysis  of  the  characteristics  of  various  electro-acoustic  oscillation 
generators,  used  at  normal  and  higher  pressures,  for  the  diagnosis  and  active  control  of  acoustic 
instabilities  in  combustion  systems.  The  generators  were  all  based  on  a  modulated  electrical 
discharge  with  amplitude  and  frequency  modulation  of  the  current  in  the  acoustic  range.  The 
theoretical  and  experimental  results  of  a  continuing  joint  research  program  into  new  and 
sophisticated  methods  for  the  control  of  unsteady  combustion  are  presented.  The  paper  also 
considers  results  of  combustion  zone  sensitivity  for  premixed  hydrocarbon  fuels  of  different  reagents 
to  harmonic  disturbances  created  by  the  modulated  electric  discharge.  It  considers  the  consequences 
of  changing  the  modulation  frequency  and  compares  the  results  obtained  with  experimental  data  on 
excitation  by  sound  in  a  model  combustion  chamber  burning  air-propane  and  air-petrol  mixtures. 


THE  ARC  DISCHARGE  AS  AN  ACOUSTIC  GENERATOR 

Figure  1  shows  the  experimental  arrangement  used  to  determine  the  electro-acoustic  characteristics 
of  a  modulated  high  frequency  arc  discharge  localized  in  the  combustion  zone.  It  consisted  of  three 
main  parts:  the  acoustic  emitter  or  generator  which  was  a  modulated  gas-discharge  plasma,  an 
electric  power  supply,  and  a  recording  and  measuring  device.  The  modulated  electric  discharge  was 
created  between  carbon  electrodes  placed  in  the  ionized  combustion  products  of  an  oxygen-propane 
mixture  (see  also  [3,  6]).  The  conductivity  of  the  combustion  products  was  increased  by  seeding  it 
with  COH  additives.  The  modulated  discharge  was  powered  by  a  high-frequency  amplifier  with  a 
carrier  frequency  of  440  kHz  and  an  output  power  of  25  kW.  The  generator  3  was  used  as  a  source 
of  voltage  with  the  signal  modulated  by  the  acoustic  generator  2. 

Preliminary  experiments  showed  that  the  modulated  high-frequency  arc  discharge  would  not  operate 
readily  in  boosted  high-intensity  combustors  as  the  arc  tended  to  become  detached  from  the 
electrodes  in  the  high-flow  velocity  of  the  combustion  products.  To  prevent  this  the  modulated  arc 
discharge  was  maintained  in  the  electro-discharge  channel  of  a  plasmatron  (see  Fig.  2). 

Oscillations  were  brought  about  by  three  methods:  1)  by  amplitude  modulation  of  the  output  high 
voltage  of  a  high-frequency  generator  (Fig.  1);  2)  by  current  modulation  of  a  continuous  arc  by  a 
variable  magnetic  field  at  acoustic  frequencies  (Fig.  3);  and  3)  by  inputting  a  voltage  from  a 
powerful  high-frequency  amplifier  into  a  continuous  duty  arc  (Fig.  4). 

Figure  5  presents  a  typical  frequency  response  for  an  acoustic  emitter  consisting  of  a  modulated 
high-frequency  arc  (HFA)  discharge  between  carbon  elechodes  operating  in  the  free  field  and  for 
various  values  of  electric  power  dissipated  in  the  discharge.  For  frequencies  up  to  4  kHz  (Fig.  5), 
the  dependence  is  linear,  then  up  to  10  kHz  it  is  practically  constant  although  the  modulating 
frequency  is  varied.  Such  behavior  of  the  frequency  response  could  be  explained  by  the  size  of 
generator. 

When  the  acoustic  wave  length  exceeds  the  dimensions  of  the  acoustic  generator  the  reactive 
component  of  the  acoustic  impedance  becomes  dominant  and  the  acoustic  energy  does  not  propagate 
into  the  surrounding  space  but  remains  close  to  the  radiator.  The  reason  for  the  diminishing  acoustic 
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Figure  1.  Diagram  of  electro-acoustic  high-frequency  arc-discharge  radiator;  1  -  oscillograph;  2  - 
audio -frequency  oscillator;  3  -  high-frequency  oscillator;  4  -  pre-amplifier;  5  -  high- 
frequency  amplifier,  up  to  25  kW;  6  -  frequency  meter;  7  -  voltage  detector;  8  -  current 
detector;  9  -  microphone;  10  -  acoustic  radiator  as  a  modulated  gas-discharge  plasma; 
1 1  -  magnetograph;  12  -  low-frequency  filter;  13  -  noise-level  meter;  14  -  vacuum-tube 
voltmeter. 


1  2  3  4  5 


Figure  2.  Diagram  of  the  vortex-stabilized  arc  plasmatron  v^th  a  smooth  output  electrode;  1  - 
water  supply  tube;  2  -  vortex  chamber;  3  -  end-face  electrode;  4  -  water  supply  and 
discharge  groove;  5  -  output  electrode. 
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Figure  3.  Diagram  of  an  acoustic  oscillator  based  on  the  magnetic  modulation  of  the  discharge 
current;  1  -  end-face  electrode;  2  -  output  electrode;  3  -  solenoid;  4  -  plasmatron  power 
supply;  5  -  acoustic  modulation-frequency  oscillator;  6  -  low-ffequency  amplifier,  5  kW. 


Figure  4.  Diagram  of  an  acoustic  amplitude  voltage-modulation  oscillator  with  a  continuous-duty 
arc;  1  -  acoustic  oscillator;  2  -  low-frequency  amplifier,  5  kW;  3  -  plasmatron  power 
supply;  Rj,  R2,  R3  -ballast  resistances. 


pressure  level  at  low  frequencies  could  be  in  the  non-fulfillment  of  the  adiabatic  expansion  condition 
for  the  pulsating  plasma  (Fig.  6). 
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Figure  5.  The  acoustic  amplitude-frequency  response  for  different  high-frequency  arc  discharges; 
1  -  0.5  kW;  2  - 1.5  kW;  3  -  5.0  kW, 

Figure  7  shows  the  directivity  characteristics  of  the  acoustic  radiation  for  various  frequencies.  The 
radiation  directivity  is  shown  over  1 80°  only  as  the  acoustic  generator  has  a  cylindrical  symmetry.  It 
should  be  noted  that  the  directivity  characteristics  at  low  frequencies  have  a  spherical  shape  which  is 
deformed  v/hen  the  frequency  increases.  The  spherical  character  at  low  frequencies  is  explained 
simply  by  the  fact  that  the  characteristic  dimension  of  the  acoustic  oscillation  source  is  much  smaller 
than  the  wave  length,  and  thus  it  behaves  as  a  point  source. 

Figure  8  presents  the  frequency  response  of  the  modulated  HFA-discharge  plasma  jet  device  which 
shows  the  same  general  shape  as  that  for  the  magnetic  modulation  arc  and  the  modulated  continuous 
duty  arc.  The  frequency  response  in  this  case  remains  practically  constant  over  the  whole  range  of 
frequencies  and  is  independent  of  the  electric  power  dissipated  in  the  space  between  the  electrodes. 


DIAGNOSTIC  TESTS 

Diagnostic  tests  for  instability  on  a  model  liquid  jet  engine  combustion  chamber  were  carried  out 
using  the  modulated  plasma  jet  and  the  arc.  The  model  combustion  chamber  consisted  of  an 
injection  head,  a  cylindrical  part  270mm  in  length  and  a  nozzle  with  a  critical  diameter  of  30mm. 
The  cylindrical  part  of  the  combustor  was  equipped  with  transducers  to  record  internal  pressure 
oscillations.  The  plasma  jet  generator  was  fixed  at  the  center  of  the  combustion  chamber,  and  the 
pressure  transducer  signals  were  recorded  graphically. 

A  kerosene-oxygen  mixture  was  used  with  a  flow  rate  of  1.5  kg/sec  and  the  pressure  inside  the 
combustor  was  about  1 0  atm.  The  maximum  operating  time  for  the  combustion  chamber  for  each 
experiments  was  3  sec,  in  order  to  study  the  combustion  response  to  harmonic  disturbances  over  the 
frequency  range  from  200  Hz  to  10  kHz.  The  duration  of  the  frequency  modulation  to  the  plasma  jet 
generator  in  the  above  range  was  1  sec. 
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Figure  6.  A  motion  picture  fragment  illustrating  a  high-frequency  arc  discharge  of  1.5  kW; 
carbon  electrodes. 
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Figure  9  presents  a  typical  three-dimensional  spectrum  of  the  amplitude  of  pressure  oscillations  at 
the  injector  head  versus  time,  without  the  plasma  jet  generator  operating.  The  process  time  (sec) 
from  start-up  is  drawn  as  the  Y  coordinate.  It  is  clear  that  combustion  in  the  chamber  is 
characterized  by  a  developing  pressure  oscillations  at  a  frequency  of  2.55  kHz.  At  this  frequency, 
there  exists  a  so-called  resonance  combustion  corresponding  to  the  first  longitudinal  mode  of  the 
combustion  chamber.  The  same  results  are  presented  for  a  pressure  transducer  located  near  the 
nozzle  (Fig.  10).  A  comparison  of  the  two  spectra  (Figs.  9  and  10)  shows  a  marked  increase  in  the 
resonance  frequency  from  500  to  600  Hz  at  the  nozzle.  This  shift  of  frequency  is  fully  explained  by 
the  Doppler  effect. 

The  results  of  an  experiment  to  determine  the  influence  of  plasma  flow  upon  the  operating  processes 
in  the  combustion  chamber  shows  that  the  maximum  resonant  frequency  of  the  pressure  oscillations 
near  the  injector  is  slightly  displaced  to  the  higher  frequency  of  2.7  kHz  with  plasma  flow  as 
compared  to  2.55  kHz  without.  Such  a  shift  of  frequency  is  connected  to  the  fact  that  the  plasma 
flow  is  displaced  by  the  high-velocity  combustion  products  towards  the  nozzle.  As  a  result,  in  this 
part  of  the  combustion  chamber  there  might  be  considerable  acceleration  of  the  combustion  process. 
The  pressure  transducer  at  the  nozzle  does  indicate  a  displacement  of  the  resonance  frequency  by  1 .2 
kHz  in  comparison  with  the  first  case.  The  mechanisms  of  influence  of  a  modulated  discharge  on 
the  chemical  reaction  rates  were  described  in  [6],  and  a  theoretical  analysis  of  the  problem  is  given 
in  [3,5,7  -  9].  However,  according  to  the  results  of  recent  investigations  the  arrangement  of  the 
discharge  and  the  condition  of  the  voltage  source  has  a  strong  influence  on  the  combustion  zone  and 
plays  a  definite  role  in  the  operating  conditions  (see  also  [10]). 


Figure  9.  The  spectrum  of  pressure  oscillations  at  the  injector  for  the  case  of  a  kerosene-oxygen 
mixture  burning  in  a  liquid-propellant  engine  combustor. 


950 


Figure  10.  The  spectrum  of  pressure  oscillations  at  the  nozzle  for  the  case  of  a  kerosene-oxygen 
mixture  burning  in  a  liquid-propellant  engine  combustor. 

THEORETICAL  ASPECTS 

Consider  the  system  of  gas  dynamic  equations  of  continuity,  momentum  and  energy  with  various 
heat  release  sources  included  (see  also  [3,  5,1  -  9]). 

■^  +  V.(pV)  =  0 
dt 

p^  +  p(V.V)V)  =  -Vp 

|■(pK2  / 2  +  pc^r)  = -V . [pV(k2  / 2  +  p /  p +c„r)]  + >?  + 
p  =  pRT,  and  =QkT”  exp(-£  /  RT) 

Here,  T  is  a  term  to  describe  the  influence  of  the  electric  discharge  and  is  a  function  of  temperature 
T  and  electron  concentration;  is  the  macroscopic  heat  release  rate  due  to  the  chemical  reactions 
of  combustion  (Arrhenius  Law)  with  a  heat  effect  Q;  k  is  the  effective  macroscopic  constant  of 
chemical  reaction;  E  is  the  activation  energy,  R  is  the  gas  constant,  and  is  the  heat  capacity  at 
constant  volume. 

For  simplicity,  the  resistance  dependence  of  the  electrically  augmented  flame  on  temperature,  ReiJ), 
could  be  presented  as  an  empirical  dependence  R^  =  R^  exp(-p7),  where  R^  is  the  resistance  at  steady 
conditions  without  any  electric  voltage,  and  p  is  a  coefficient  determined  experimentally,  which 
takes  into  account  the  dependence  of  resistance  on  electron  and  “active  center”  concentrations  in  the 
combustion  zone.  In  fact  this  is  the  modified  Saha  equation  for  low-temperature  plasmas  and  the 
finding  of  p  is  reduced  to  simple  current  and  voltage  measurements  and  the  recording  of  the 
temperature.  Using  Ohm’s  Law  and  substituting  the  values  obtained  into  the  initial  equation  one 
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could  derive  the  value  of  p.  This  relationship  lets  us  simplify  the  calculations  as  this  resistance 
dependence  which  is  a  function  of  only  one  parameter  (the  temperature)  can  approximately  take  into 
account  many  aspects  at  the  ionization  processes. 

The  set  of  equations  may  be  linearized  and  a  solution  obtaiined  in  the  form  of  plane  waves  for  any  of 
the  variables  P,  T,  V,  for  example 


T  -Tq  +  T'  exp(ico/  -  iky) 

where  y  is  in  a  direction  perpendicular  to  the  direction  of  the  gas-discharge  current.  As  a  result  of 
appropriate  transformations,  an  algebraic  equation  of  third  order  was  obtained  and  solved  to  give  the 
known  Cordano  solution.  Three  modes  or  roots  to  the  equation  were  determined,  two  of  them  being 
acoustic  and  the  third  one  corresponding  to  the  development  or  attenuation  of  an  “overheat- 
ionization”  instability. 

Solutions  were  obtained  for  the  two  extreme  cases  of  the  discharge  supply  source  having  an  infinite 
output  impedance  and  with  the  impedance  tending  to  zero.  An  analysis  of  the  solutions  obtained 
showed  that  for  the  supply  source  with  an  infinite  output  impedance  the  diffusion  electric  discharge, 
at  supply  currents  above  a  certain  value,  became  unsteady  relatively  to  the  overheat-ionization  factor 
and  any  local  temperature  or  density  fluctuations  in  the  discharge  lead  to  the  “cording”  of  the 
discharge  and  to  an  abrupt  decrease  of  its  effectiveness  in  the  combustion  zone,  (the  flame  in  this 
case  streamlines  the  discharge  like  an  absolutely  solid  body).  However,  at  the  same  time,  the  two 
acoustic  modes  tended  to  fade  and  consequently  at  this  moment  any  pressure  oscillations  of  acoustic 
waves  would  be  damped.  On  the  other  hand,  for  the  power  source  with  zero  impedance  the 
increment  of  over-heat  ionization  instability  is  negative  and  this  provides  a  stable  operating  mode  for 
the  diffusion  discharge,  but  in  this  case  the  amplitude  of  the  acoustic  modes  tend  to  increase. 


STABILITY  CONTROL 

Figure  1 1  presents  curves  of  the  electric  discharge  instability  increment  of  the  applied  power  for  the 
two  operating  conditions  of  the  power  source:  1)  with  an  infinite  output  impedance,  and  2)  with  the 
impedance  tending  to  zero.  Similar  features  appear  in  the  curves  for  the  acoustic  modes  but  differing 
only  in  the  fact  that  the  two  curves  are  interchanged. 

Combining  in  practice  the  two  supply  modes  for  the  electric  discharge,  one  can  obtain  effective 
control  of  combustion  instabilities  for  flames  in  combustors.  The  implementation  of  this  concept 
has  made  it  possible  (compared  with  a  previously  known  system)  to  organize  a  short  inner  feedback 
loop  in  the  control  system  of  discharge  and  flame  and  to  let  it  amplify  or  suppress  acoustic 
oscillations  in  model  combustion  chambers  according  to  the  control  problems  in  hand. 

The  results  of  the  experiments  as  typical  records  of  time  dependencies  of  acoustic  oscillations, 
current  and  voltage,  are  shown  in  Fig.  1 2a.  The  control  element  in  this  experiment  was  a  multi¬ 
nozzle  propane-oxygen  star-type  burner  with  a  carbon  electrode  fixed  coaxially  above  it.  The  carbon 
electrode  was  at  a  positive  potential  with  respect  to  the  burner  with  the  latter  acting  as  the  second 
electrode.  As  is  evident  from  the  records,  the  acoustic  intensity  decreases  by  20  dB  from  instant  tj,  at 
which  the  process  of  the  discharge-combustion  zone  interaction  starts,  until  instant  X2  and  remains 
essentially  unchanged  until  instant  t3,  at  which  the  discharge  is  quenched.  After  the  discharge 
quenching,  the  acoustic  oscillations  are  observed  to  further  decrease  by  6  dB  until  instant 
whereupon  the  pressure  oscillations  are  self-excited  until  the  original  level  is  restored.  Certain 
decrease  in  the  acoustic  intensity  after  the  discharge  quenching  until  instant  14  was  observed  to  occur 
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Figure  11.  Calculated  electric  discharge  instability  increment  as  a  function  of  applied  electric  power; 
1,2-  operation  with  an  infinite  and  zero  impedance  power-supply,  respectively. 

in  all  the  experiments.  As  the  experimental  evidence  suggests,  suppression  of  combustion 
instabilities  will  occur  at  any  combustor  resonant  frequency  thanks  to  the  internal  negative  feedback 
loop.  This  is  clearly  shown  by  the  amplitudes  of  the  spectral  harmonics  as  a  function  of  the 
discharge-combustion  zone  interaction  time  (Fig.  12b). 

To  set  combustion  into  an  unstable  regime,  the  burner  unit  was  located  inside  a  resonance  tube.  The 
resonance  system  was  of  high  quality  and  produced  an  intense  resonant  mode  with  combustion  with 
sound  pressure  levels  in  excess  of  100  dB.  After  the  appearance  of  this  resonant  condition,  the 
discharge  was  established  in  the  space  between  the  two  electrodes  causing  the  operating  condition  to 
change  with  the  complete  suppression  of  the  oscillation  (Fig.  12).  Up  to  the  present  time,  there  is  no 
unified  model  to  describe  mechanisms  of  unsteady  combustion  and  its  appearance  and  development 
in  combustors  and,  as  it  was  noted  above,  there  is  no  reliable  methodology  for  diagnosing  instability 
in  general  nor  to  predict  the  unstable  operation  of  a  particular  combustor  with  certainty. 


SENSITIVITY  OF  THE  COMBUSTION  ZONE  TO  OSCILLATION 

The  authors  have  analyzed  the  sensitivity  of  the  combustion  zone  to  the  input  of  external  harmonic 
disturbances  aimed  at  developing  a  new  method  for  diagnosing  and  predicting  unsteady  combustion. 
A  flame’s  sensitivity  to  acoustic  oscillations  was  studied  by  Rayleigh  [10,  11].  Later  this  problem 
was  considered  in  a  number  of  theoretical  and  experimental  investigations  which  essentially 
searched  for  the  influence  of  external  periodic  disturbances  on  laminar  and  diffusion  flames.  For 
instance,  in  [11]  it  is  noted  that  one  of  the  mechanisms  of  vibrational  combustion  of  homogenous 
mixtures  in  laminar  and  turbulent  flows  is  the  so  called  kinetic  one,  connecting  the  gas  pressure 
oscillations  in  the  acoustic  waves  with  the  heat  release  rate  in  the  laminar  front  of  the  flame.  The 
results  of  theoretical  and  experimental  researches  for  homogenous  mixtures  showed  that  the  laminar 
flame  front  represented  a  wide-band  sound  amplifier  with  the  amplification  coefficient  changing 
slowly  as  the  frequency  increases. 
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Figure  12.  a  -  Dependence  of  the  level  of  sound  oscillations  P,  current  /  and  voltage  U  on  time. 

b  -  Dependence  of  the  amplitude  of  spectral  harmonics  on  the  time  of  combustion  zone 
exposure  to  discharge. 


It  is  known  that  the  primary  cause  for  developing  and  maintaining  acoustic  instability  in  combustors 
is  a  variation  in  the  chemical  reaction  rate,  producing  a  variable  heat  release  in  phase  with  the 
associated  pressure  oscillations  in  the  combustion  zone.  It  is  therefore  essential  to  study  the  kinetic 
interaction  mechanisms  of  acoustic  oscillations  upon  the  combustion  process  in  order  to  reveal  the 
mechanisms  and  provide  a  better  understanding  of  the  processes  involved. 
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To  simplify  the  calculations,  the  combustion  of  premixed  fuels  in  combustion  chambers  can  be 
modeled  on  the  basis  of  a  homogeneous  chemical  reactor  [3,  5-8],  and  proceeding  from  the 
Arrhenius  Law  it  turns  out  that  it  is  possible  to  affect  chemical  reaction  rates  most  easily  through  the 
temperature.  It  is  estimated  that  to  do  the  same  through  pressure  would  need  such  an  intense 
acoustic  fields  that  it  would  disturb  the  hydrodynamic  balance  of  the  flames  being  analyzed  and 
mask  the  kinetic  combustion  interaction  response  being  sought. 

Here  the  most  appropriate  method  for  affecting  combustion  seems  to  be  in  the  use  of  the  diffused 
electric  discharge  modulated  at  acoustic  frequencies  and  superimposed  on  the  combustion  zone. 
Here  the  Joulian  dissipation  of  energy  in  the  combustion  zone  is  said  to  be  the  main  affecting 
mechanism  [3-8].  The  estimations  given  in  [12]  shows  that  in  this  case  comparatively  small 
amounts  of  energy  (of  the  order  100  to  300  W)  are  sufficient  for  the  discharge  to  influence 
combustion.  The  estimated  results  and  the  experiments  prove  that  the  chemical  reaction  rate 
variation  due  to  the  temperature  oscillations  provides  a  far  greater  change  than  the  pressure 
oscillations  p,  developed  by  the  discharge  in  the  ratio  given  by  the  equation: 

dk(f)  (  E  ar 

dk(P)~\Rf  )dP’  1  f  ^  , 

where  f  and  P  are,  respectively,  the  average  values  of  temperature  and  pressure  in  the  combustion 
zone,  and  n  is  the  order  of  reaction. 

To  conduct  experiments  to  study  the  influence  of  the  diffused  modulated  electric  discharge  on  the 
combustion  zone,  an  experimental  stand  was  constructed  equipped  with  automatic  control  and  a 
microcomputer-based  data  processing  system.  A  modulated  discharge,  which  would  be  applied  to 
the  gap  between  the  burner  and  the  electrode  above  it,  was  generated  by  an  amplifier  with  the 
following  output  characteristics:  voltage  i7=300  V,  current  7=0.5  to  1.0  A.  The  experiments  were 
conducted  in  a  sound-absorbing  chamber.  The  experimental  technique  involved  a  systematic 
variation  of  the  modulation  frequency  and  detection  of  the  respective  response  as  pressure 
oscillations  by  a  Robotron  noise-level  meter,  with  a  consequent  computer  aided  processing  of  the 
data.  During  the  progress  of  the  experiments,  the  fuel  concentration  was  varied  and,  for  each 
concentration,  the  amplitude-frequency  response  (APR)  was  identified  by  spectral  processing  using 
fast  Fourier  transformation  algorithms.  With  this  done,  the  AFRs  for  different  fuel  concentrations 
were  combined  to  form  a  single  three-dimensional  plot,  with  one  axis  being  the  discharge 
modulation  frequency,  another  the  fuel  concentration  and  a  third  the  pressure  oscillation  amplitude. 

Figure  13  presents  an  AFC  plot  for  a  propane-air  mixture.  Proceeding  from  the  present  conception 
of  the  combustion  zone  as  a  wide-band  amplifier  one  would  expect  a  gradual  increase  in  the 
amplitude  of  the  combustion  zone  response  with  frequency  over  the  range  300-500  Hz.  However, 
according  to  Fig.  13,  the  combustion  response  to  the  disturbances  introduced  has  quite  a  different 
character.  One  can  clearly  see  a  selective  sensitivity  of  combustion  towards  disturbances  both  on 
frequency  dependency  and  mixture  composition.  For  a  better  illustration.  Fig.  14  presents  a 
topogram  of  the  observed  experimental  dependence.  One  can  see  that  the  response  amplitude 
depends  strongly  on  the  concentration  of  the  propane,  and  there  are  clearly  defined  concentric  areas 
where  the  probing  signal  is  amplified  in  the  combustion  zone.  Moreover,  these  areas  are  situated 
approximately  at  an  equal  distance  (by  the  mixture  composition)  from  each  other  and  the 
arrangement  of  areas  resembles  very  much  a  periodic  process  with  an  increasing  amplitude 
achieving  a  maximum  in  the  region  of  the  stoichiometric  ratio  (4.1%). 

Intensive  amplification  of  the  disturbances  takes  place  only  in  the  concentration  regions  drawn  in  the 
topogram.  It  is  worth  noting  that  propane-air  mixtures  have  quite  a  few  frequency  intervals  where 
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Figure  13.  The  amplitude-frequency  response  of  the  propane-air  combustion  zone  to  modulated- 
discharge  perturbations  as  a  function  of  the  fuel  concentration. 


FREQUENCY  (kHz) 

Figure  14.  Topogram  of  Figure  13. 


one  could  observe  disturbance  amplification.  These  intervals  are  called  sensitive  zones  of  the  flame 
AFC.  Figures  15  and  16  present  the  AFC  and  topogram  for  petrol-air  flames.  In  these  figures  one 
can  see  five  sensitive  zones  where  there  is  amplification  of  the  probing  signal.  The  most  active 
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reaction  of  the  flame  to  the  imposed  disturbance  is  observed  at  a  frequency  of  1550  Hz.  The  other 
zones  give  more  uniform  amplification.  The  experiments  lead  to  the  conclusion  that  the  combustion 
zone  in  its  relation  to  external  disturbances  is  not  a  wide-band  amplifier  but  has  a  selective 
sensitivity  both  by  frequency  and  by  mixture  composition.  Hence,  the  possibility  exists  of 
predicting  combustion  instability  by  studying  the  APR  of  fuels  used  with  laboratory  burners,  the 
ambient  pressure  being  equal  to  that  associated  with  the  combustor  operating  conditions. 


THE  PREDICTION  OF  CHAMBER  RESONANCE 


Experimental  study  of  the  predictability  of  combustion  instability  was  performed  using  a  model 
variable-length  combustor,  whose  length  can  be  smoothly  varied  from  10  to  60  cm.  To  this  end,  the 
cylindrical  part  of  the  combustor  was  displaced  relative  to  the  fixed  injector.  Acoustic 
measurements  were  made  basically  in  the  injector  plane  at  about  2  m.  Again,  the  experimental 
results  were  processed  by  the  computer  and  presented  as  three-dimensional  plots. 

Figures  17  and  18  present  typical  results  of  the  combustion  chamber  runs  for  propane-air  and  petrol- 
air  mixtures,  respectively.  Figure  17  shows  intense  acoustic  radiation  at  low  frequencies  in  the  range 
from  200  to  300  Hz.  Along  with  the  low  frequency  spectrum  components,  one  can  observe  their 
gradual  increase  towards  higher  frequencies  as  the  combustor  length  is  decreased.  However,  the 
amplitudes  of  these  harmonics  do  not  change  continuously  with  frequency  but  have  clearly  defined 
maxima  for  certain  chamber  lengths.  That  is,  there  exist  determined  zones  at  given  chamber  lengths 
(and,  consequently,  at  definite  frequencies)  where  there  takes  place  amplification  at  the  natural 
resonant  frequency  of  the  chamber.  Moreover,  the  frequencies  at  which  this  amplification  occurs  are 
well  coordinated  with  the  frequency  zones  discovered  in  the  experiments  for  determining  the  AFC  of 
the  propane-air  flames  (Fig.  13,  14). 

Table  1  presents  a  statistical  analysis  of  all  the  chamber  results  for  each  mixture  and  their 
comparison  with  AFC.  On  the  left  hand  side  are  the  results  of  the  combustor  measurements,  and  on 
the  right  side  are  the  experimental  results  for  the  determination  of  the  AFC  (Fig.  15,  16).  The 
columns  headed  “E  (Hz)”  and  “I  (cm)”  are  the  frequencies  at  which  resonant  pressure  amplification 
occurs  by  the  combustion  zone  and  the  corresponding  combustor  length  (4),  respectively.  The 
columns  “frequency  internal”  and  “zone”  correspond  to  the  flame  AFC  and  are  intervals  of  the 
maximum  amplification  of  external  disturbances  by  the  combustion  ZONES  and  their  index  number. 
One  can  see  good  correspondence  between  the  combustor  excitation  frequency  of  various  lengths 
with  the  sensitivity  zones  of  the  flame  AFC,  i.e.,  resonance  amplification  of  a  pressure  oscillation  in 
the  combustor  takes  place  only  within  strictly  determined  frequency  intervals  falling  into  one  of  the 
12  AFC  zones  characterizing  the  given  type  of  fiiel.  These  sensitivity  zones  could  be  predicted  in 
advance  from  the  flame  AFC  for  the  type  of  fuel  used  following  the  methodology  described  above. 

Figure  18  presents  one  of  the  combustor  runs  with  petrol-air  fuel  ^d  one  can  single  out  the 
peculiarity  of  this  plot;  that  is,  a  visible  absence  of  the  gradual  variation  of  the  spectrum  harmonic 
frequencies,  characteristic  of  the  experiments  with  propane-air  mixtures.  This  is  apparently 
connected  to  the  fact  that  the  combustion  of  sprayed  or  dispersed  liquids  mixed  with  air  is  charac¬ 
terized  by  more  intensive  combustion  rates  and  more  intensive  acoustic  radiation,  thus  the  gradual 
change  of  the  chamber  resonance  frequency  resulting  from  the  flow  gas  dynamics  is  of  smaller 
amplitude  and  is  hidden  by  larger  signals.  Here,  one  can  note  the  frequency  intervals  at  which 
amplification  occurs,  as  with  the  propane-air  mixtures.  Moreover,  due  to  the  reasons  given  above 
these  areas  are  much  more  clearly  defined.  Also,  one  can  observe  the  determined  frequencies  at 
which  amplification  takes  place.  Having  classified  these  frequencies  for  all  the  runs,  one  can  see 
that  they  correspond  only  to  the  sensitive  areas  identified  in  the  AFC  of  the  petrol-air  flame. 

Following  this  study,  one  could  draw  the  important  conclusions,  resulting  from  the  confirmation  of 
the  experimentally  discovered  zones  in  the  flame  AFC  measurements:  the  development  of 
instability  is  first  and  foremost  connected  with  the  type  of  fuel,  and  that  the  flame  is  sensitive  only  to 
oscillations  at  a  certain  set  of  frequencies.  Consequently,  the  appearance  and  development  of  a 
combustion-chamber  instability  is  possible  only  when  there  is  coincidence  between  one  of  the 
chamber  resonant  frequencies  and  the  frequency  of  a  sensitive  flame  zone  for  that  type  of  fuel.  This 
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Figure  17.  The  spectrum  of  the  pressure  oscillations  in  the  combustor  cavity  as  a  function  of  its 
length  for  a  propane-air  mixture. 


Figure  18.  The  spectrum  of  the  pressure  oscillations  in  the  combustor  cavity  as  a  function  of  its 
length  for  a  gasoline-air  mixture. 

the  mechanism  of  unsteady  combustion,  leading  to  an  increase  in  system  reliability  from  the  design 
stage  and  thus  remove  the  need  for  expensive  remedial  measures  to  be  carried  out  on  newly 
constructed  combustors  which  suffer  from  this  particular  defect. 


TABLE  1 


Analysis  of  Chamber  Results 


COMBUSTION  CHAMBER 

AFC 

START 

L 

F 

CjHg 

AIR 

CjHg 

Frequency 

Zone 

(cm) 

(Hz) 

(cm^/s) 

(crn/s) 

(%) 

Interval 

1. 

39.2 

200 

520 

5420 

7.0 

200  -  330 

1 

32.2 

310 

1 

24.1 

400 

390  -  470 

2 

15.6 

600 

530  -  630 

2. 

38.6 

200 

260 

3330 

5.6 

200  -  330 

1 

14.6 

400 

390  -  470 

55.7 

590 

530  -  630 

46.6 

720 

710-800 

24.5 

1340 

1300-  1380 

45.9 

1460 

1400-  1480 

7 

13.2 

319 

430 

4580 

6.7 

200  -  330 

1 

58.3 

620 

530-630 

42.7 

970 

930-  1030 

32.3 

1330 

1300-  1380 

25.9 

1460 

1400-  1480 

7 

47.4 

1550 

1540-  1680 

8 

4. 

41.0 

330 

490 

4440 

7.8 

200  -  330 

1 

15.3 

470 

390  -  630 

41.3 

620 

530  -  630 

40.3 

800 

710-800 

41.8 

1600 

1400-  1480 

7 

19.8 

1470 

1540-  1680 

8 

CONCLUSIONS 

1 .  The  investigation  showed  that  acoustic  radiation  can  take  place  from  the  discharge  due  to  Joulian 
heat  release  and  the  subsequent  adiabatic  expansion  of  the  pulsating  plasma  at  a  frequency  equal 
to  the  modulation  frequency. 

2.  A  new  theoretical  foundation  for  an  earlier  original  method  of  active  control  for  unsteady 
combustion  is  offered  using  electrical  discharge  and  plasma  jets  under  various  operating 
conditions  of  the  supply  source. 

3 .  The  experiments  on  control  have  shown  that  it  is  to  reduce  or  completely  suppress  the  resonance 
pressure  oscillations  of  all  modes.  Also  if  amplification  is  required,  one  can  observe  oscillation 
being  increased  by  30  to  40  dB. 

4.  The  experiments  investigating  the  influence  on  the  combustion  of  premixed  hydrocarbon  fuels  of 
a  diffused  modulated  discharge  with  modulation  frequency  variation,  revealed  a  selective 
sensitivity  of  the  combustion  zones  to  this  external  disturbance.  This  showed  that  the  flame 
cannot  be  a  linear  wide-band  amplifier  of  external  disturbances  (pressure,  velocity,  temperature 
etc.),  but  is  sensitive  at  certain  frequencies  depending  on  the  fuel  mixture  reactants,  the  pressure 
and  the  temperature. 
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ABSTRACT:  Knowledge  of  the  dynamic  response  characteristics  of  burning  propellants  to  the 
variation  of  external  parameters  permits  an  evaluation  of  their  capability  to  reach,  through  a 
combustion  transient,  the  steady-state  burning  regime.  In  this  experimental  study,  a  transient 
combustion  event  is  induced  by  employing  externally  incident  laser  radiation.  The  objective  is  to 
determine  propellant  extinction  characteristics  and  its  dependency  on  the  working  pressure.  Fast 
deradiation  of  the  burning  propellant  surface  is  utilized  to  achieve  propellant  extinction,  because 
only  the  combustion  process  itself  is  perturbed;  the  flow  field  in  the  combustion  chamber  is 
unaffected.  Tests  were  carried  out  using  an  AP/HTPB  (86/14)  propellant  and  a  CO2  laser  system, 
whereas  laser  Doppler  velocimetry  was  used  to  measure  the  velocity  of  product  gases  from  the 
burning  propellant.  Further  qualitative  information  was  obtained  by  a  photodiode  which  collected 
light  emitted  by  the  burning  surface  and  flame.  Results  of  tests  performed  over  pressures  ranging 
from  12  to  50  kPa  indicate  that  the  transient  propellant  behavior  upon  deradiation  depends  on  the 
laser  pulse  duration  and  that  burning  propellant  extinction  was  achieved  only  if  the  form  of  the  laser 
pulse  was  properly  chosen.  Two  final  solutions  were  found  after  laser  cut  off:  continuous  burning  or 
extinction  defining,  for  any  working  pressure,  the  curves  separating  the  distinct  burning  propellant 
response.  These  boundary  limits  were  drawn  for  different  pressure  values:  12,  15,  20  and  30  kPa. 


INTRODUCTION 

Rapid  excursion  of  different  external  parameters  may  cause  a  transient  combustion  event  that 
modifies  the  thermal  wave  stmeture  within  the  solid  propellant;^  under  this  condition,  unsteady 
burning  may  occur.  The  finite  time  required  for  temperature  profile  adjustment  in  the  condensed 
phase  to  the  final  operating  condition  depends  largely  on  the  thermophysical  propellant  properties, 
whereas  the  final  solution  of  the  transient  (extinction  or  continuous  burning)  is  largely  associated 
with  propellant  dynamic  stability.^ 

Dynamic  extinction  of  solid  rocket  propellants  can  be  achieved  by  removing  the  burning  propellant 
from  its  steady-state  burning  condition  either  by  depressurizing  the  combustion  chamber  or 
decreasing  the  radiant  energy  incident  on  the  burning  propellant  surface.  Fast  depressurization  of  the 
combustion  chamber  is  a  popular  approach,^  because  it  allows  an  exploration  of  a  wide  range  of 
pressures  and  to  study  the  effect  of  different  final  conditions.  Unfortunately,  the  interpretation  of  the 
results  is  complicated  by  the  effects  of  fluid  dynamic  phenomena  that  occur  inside  the  combustion 
chamber  which  are  controlled  by  its  volume  and  geometry. 
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The  ability  to  extinguish  a  burning  propellant  by  deradiation,  even  if  it  steadily  bums  at  the 
prescribed  operating  condition,  offers  an  opportunity  for  research;  however,  deradiation  of  the 
burning  propellant  surface  is  not  a  common  technique.  This  method  has  the  advantage  that  it 
perturbs  only  the  combustion  process  itself,  without  directly  modifying  the  fluid  dynamic  field 
around  the  burning  propellant  sample.  Hence,  results  can  be  obtained  that  are  easier  to  analyze.  A 
variety  of  theoretical  studies,  addressed  to  understand  and  predict  the  unsteady  burning  propellant 
behavior,  are  available  and  different  numerical  codes  are  able  to  simulate  the  combustion  transient. 
Experimental  investigations  on  the  dynamic  extinction  by  laser  energy  pulse  of  double-base 
propellants  burning  in  a  steady-state  regime  are  reported.'^’^  To  the  best  of  the  authors'  knowledge, 
no  experimental  results  are  available  in  the  literature  for  composite  propellants. 

In  this  paper,  combustion  transients  of  an  AP/HTPB  (86/14)  composite  propellant  caused  by  a  laser 
energy  pulse  are  investigated  to  determine  the  operating  conditions  which  yield  extinction.  Of 
particular  interest  is  to  examine  the  effects  of  temporal  shape  of  laser  pulse  and  operating  pressure 
on  the  propellant  behavior. 

There  are  many  different  approaches  for  transferring  radiant  energy  to  the  surface  of  the  propellant, 
but  the  use  of  lasers  is  generally  preferred.^  It  is  a  nonintrusive  techmque  that  renders  laser  systems 
very  flexible  and  convenient.  In  particular,  the  CO2  laser  guarantees  a  good  beam  intensity 
distribution- and  power  stability.  Hence,  it  is  an  indispensable  tool  in  the  study  of  inert  heating, 
ignition  and  combustion  of  solid  propellants.^  To  determine  the  velocity  of  product  gases  departing 
from  the  burning  surface,  it  is  required  to  use  nonintrusive  diagnostic  techniques  that  operate  at  a 
high  frequency  (at  least  larger  than  10  kHz).  Laser  Doppler  velocimetry  (LDV)  is  capable  of  such 
operation  and  is  utilized  in  this  work.  Details  are  available  about  the  application  of  this  method  in 
steady-state  propellant  combustion.^ 


EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

Tests  were  performed  by  using  a  CO2  laser  as  the  external  power  source(TEM00,  70  W,  10.6  pm). 
The  employed  apparatus  is  depicted  in  Fig.  1 .  Here,  the  vertical  axis  of  the  combustion  chamber  is 
parallel  to  the  CO2  laser  beam.  Along  the  optical  line  is  an  electro-mechanical  shutter,  a  laser-beam 
analyzer  and  a  power  meter  to  control  the  laser  power  intensity  and  distribution.  The  laser  beam 
enters  the  combustion  chamber  through  a  ZnSe  window.  The  propellant  sample  can  be  moved 
horizontally  to  provide  the  best  alignment  with  the  CO2  laser  beam. 

The  laser  is  operated  in  its  continuous  wave  mode  to  guarantee  power  stability  and  to  obtain  a 
Gaussian  intensity  distribution  of  the  laser  beam  power.  In  order  to  achieve  fast  deradiation,  it  is 
necessary  to  utilize  a  fast  shutter  to  turn  on  and  off  the  power  of  the  beam.  In  our  case,  a  home  made 
electro-mechanical  shutter,  controlled  by  a  personal  computer,  is  used.  The  working  principle  is 
based  on  a  movable  knife,  which  travels  forward  and  backward  through  the  focused  CO2  laser  beam; 
it  takes  less  than  20  ps  for  turning  on  and  about  40  ps  for  turning  off  the  power.  The  exposure  time 
can  be  selected  by  the  computer  and  sequences  of  pulses  with  different  duration  and  interval  can  be 
designed  in  order  to  conduct  different  radiation-driven  transient  events  during  the  same  test. 

The  velocity  of  the  gases  coming  out  from  the  burning  surface  was  measured  by  the  LDV  technique, 
and  very  fast  changes  of  the  velocity  are  detectable  because  of  the  high  frequency  of  system  (625 
kHz).  The  main  part  of  the  LDV  system  is  shown  in  Fig.  1,  where  the  split  beams  of  a  He-Ne  laser 
are  focused  by  a  lens  on  the  propellant  sample  axis  to  obtain  the  probe  volume  at  a  distance  of  about 
20  mm  from  the  propellant  sample  holder.  The  light  scattered  by  the  particles  crossing  the  probe 
volume  is  transmitted  through  a  narrowband  filter  centered  at  632.8  nm  and  collected  by  a 
photomultiplier.  The  signal  is  recorded  by  a  burst  spectrum  analyzer  (BSA).  The  transient 
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combustion  event  can  also  be  analyzed  by  observing  the  intensity  variation  of  the  light  emitted  by  the 
flame  and  burning  propellant  surface  by  using  a  photodiode.  Qualitative  results  are  usually  obtained 
and  provide  useful  information  for  describing  the  propellant  burning  behavior. 

To  run  tests  at  subatmospheric  pressures,  a  special  combustion  chamber  with  a  total  internal  volume 
of  30  dm^  was  designed.  The  subatmospheric  pressure  inside  the  burner  was  measured  by  a 
piezoresistive  transducer  facing  the  propellant  sample.  Propellant  ignition  was  obtained  by  an 
electrically  heated  nichrome  wire.  The  unsteady  combustion  process  was  recorded  by  a  TV  system, 
which  permitted  observation  of  the  event  by  slow  motion  playback.  Tests  were  carried  out  according 
to  the  following  procedure. 

First,  the  laser  power  and  its  intensity  distribution  were  controlled  and  adjusted  to  get  the  best  power 
stability  and  a  Gaussian  distribution  in  order  to  be  able  to  estimate  the  value  of  the  radiant  flux 
intensity  incident  on  the  burning  propellant  sample.  Second,  the  combustion  chamber  was  evacuated 
by  a  vacuum  pump  to  a  minimum  pressure  of  about  2  kPa.  Third,  nitrogen  gas  was  used  to  purge 
and  fill  the  burner  up  to  the  prescribed  test  pressure.  Fourth,  ignition  was  obtained  by  increasing  the 
current  through  the  nichrome  wire.  Fifth,  once  steady  burning  was  achieved,  the  burning  surface 
was  moved  to  permit  spatial  measurements  of  the  gas  velocity  by  the  LDV  system.  Finally,  the  data 
acquisition  systems  and  laser-shutter  motion  were  triggered  to  achieve  a  sequence  of  shots  having 
different  lengths  and  intervals.  At  the  end  of  the  test,  the  data  acquired  were  transferred  to  the 
computer  for  processing. 


RESULTS 

The  cylindrically  shaped  propellant  sample  has  diameter  of  6  mm  and  length  of  40  mm.  In  order  to 
simplify  the  presentation  of  results,  the  data  reported  are  referenced  to  the  value  of  the  incident  flux 
(/o),  which  corresponds  to  the  maximum  value  of  the  power  distribution.  No  corrections  were 
introduced  for  gas-phase  radiation  absorption  or  reflection  or  by  the  propellant’s  surface. 
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Experiments  were  performed  at  pressures  equal  to  or  lower  than  30  kPa.  At  higher  pressures  and 
using  the  maximum  power  output  from  the  CO2  laser,  propellant  extinction  could  not  be  achieved. 
At  first,  tests  were  carried  out  by  using  the  photodiode  and  shutter  in  a  sequence  of  ten  shots  to  find 
out  whether  the  CO2  laser  pulse  was  able  to  extinguish  the  burning  propellant.  Once  the  burning 
propellant  behavior  was  determined,  data  were  collected  by  the  LDV  system  using  sequences  of  no 
more  than  five  shots  in  order  to  store  the  data  in  the  BSA  memory.  In  the  following,  results  of  gas 
velocity  versus  time  are  presented,  because  they  contain  more  quantitative  information. 

Figure  2  depicts  the  propellant  burning  behavior  when  a  laser  pulse  of  0.1 1  s  was  used  at  a  pressure 
of  50  kPa.  The  results  show  that  the  heat  addition  caused  a  50-70%  increase  in  gas  velocity,  but 
extinction  was  not  achieved.  This  implies  that  the  external  energy  input  was  not  large  enough  to 
change  the  energy  coupling  between  the  condensed  phase  and  the  gas  phase  at  the  burning  surface  to 
produce  a  significant  modification  of  the  thermal  wave  structure.  Figure  3  shows  the  result  of  a  test 
carried  out  at  a  lower  pressure,  and  it  indicates  that  deradiation  induces  a  small  gas  velocity 
undershoot,  demonstrating  that  the  burning  propellant  is  less  able  to  withstand  the  effect  of  the 
external  stimulus  at  this  operating  condition. 

By  reducing  the  pressure  by  an  additional  5kPa,  the  trend  is  more  evident  as  shown  in  Fig.  4.  In  this 
case,  the  minimum  gas  velocity,  after  the  laser  cut  off,  is  about  half  of  the  one  measured  under 
steady-stat&  condition.  By  maintaining  the  same  laser  power  and  pulse  duration,  Fig.  5  shows  that 
the  further  decrease  in  the  working  pressure  yields  extinction.  In  this  case,  the  heat-feedback  from 
the  flame  to  the  surface  decreases  and  is  comparable  to  that  of  the  externally  incident  laser  flux. 
Thus,  the  operating  condition  which  can  induce  the  different  propellant  responses  to  the  laser  pulse 
was  deduced.  In  fact,  if  the  pulse  duration  is  increased,  burning  propellant  extinction  also  occurs  as 
shown  in  Fig.  6.  On  the  other  hand,  if  the  pulse  length  is  reduced  (0.09  s)  as  depicted  in  Fig.  7, 
extinction  does  not  occur.  It  is  important  to  note  that  propellant  combustion  after  laser  cut  off  is 
characterized  by  an  oscillatory  burning  regime  which  is  damped  in  time.  The  frequencies  of  these 
oscillations  are  similar  to  those  obtained  in  the  study  of  the  oscillatory  behavior  of  burning 
propellant  under  steady-state  condition. 

Reduction  of  the  pulse  duration  yields,  at  the  same  operating  condition,  a  decrease  in  the  dynamic 
effect  following  the  laser  cut  off.  Such  a  burning  propellant  behavior  can  be  explained  by  saying 
that  the  pulse  duration  is  not  long  enough  to  allow  the  deflagration  wave  to  reach  the  new  steady 
state.  Results  obtained  at  a  fixed  pressure  with  a  different  laser  power  indicate  that  it  is  possible  to 
achieve  extinction  if  the  pulse  form  (duration  and  intensity)  is  properly  chosen.  Comparison 
between  Figs.  8  and  9  points  out  that  if  the  laser  pulse  intensity  is  diminished,  the  laser  pulse 
duration  must  be  augmented  to  reach  extinction.  These  pictures  indicate  that  the  sequential  laser 
pulsing  has  no  effect  on  extinction  if  the  time  elapsed  between  two  shots  is  long  enough  to  allow  the 
burning  propellant  to  recover  the  steady-state  regime  (in  this  case,  2  s  are  adequate). 

Dependency  of  the  laser  pulse  duration  {tp)  on  the  intensity  of  the  incident  flux  (Jo)  at  a  pressure  of 
15  kPa  is  illustrated  in  Fig.  10.  A  curve  separating  the  two  different  final  solutions  (extinction,  no 
extinction)  can  be  drawn.  This  boundary  is  characterized  by  a  vertically  asymptotic  trend  when  the 
laser  flux  intensity  approaches  ~3.5  cal/cm^  s,  meaning  that  no  extinction  can  be  achieved  regardless 
of  the  pulse  length.  For  increasing  laser  flux,  there  is  a  flat  region  that  can  be  caused  by  a  change  in 
the  propellant  burning  features.  This  peculiar  aspect  has  already  been  observed  in  studies  of 
propellant  extinction  by  rapid  depressurization.^^ 

The  observed  trend  is  also  common  for  other  operating  pressures  as  shown  in  Fig.  11,  which  depicts 
the  boundary  at  12,  15,  20,  and  30  kPa.  Comparisons  of  these  results  with  data  obtained  in  the  study 
of  propellant  extinction  associated  with  go/no-go  boundary  limits  after  the  ignition  transient 
indicate  that,  in  the  tested  pressure  range,  this  propellant  presents  opposite  dependencies  on  the 
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pressure.  Differences  are  also  present  in  the  general  trend  of  these  curves.  However,  all  the  results 
indicate  that  burning  propellant  extinction  by  a  laser  energy  pulse  does  not  only  depend  on  the 
deradiation  transient  but  also  on  the  integrated  effect  in  time  of  the  laser  incident  flux. 

As  previously  mentioned,  it  is  possible  to  determine  the  minimum  incident  flux  value  below  which 
the  extinction  is  not  achieved.  The  curve  separating  the  region  where  extinction  does  not  occur  from 
the  one  where  extinction  is  possible  is  plotted  in  Fig.  12.  The  trend  of  this  curve  shows  that  when 
the  operating  pressure  approaches  the  pressure  deflagration  limit, the  intensity  of  the  laser  pulse 
necessary  for  extinction  decreases.  It  is  evident  that  even  a  small  disturbance,  having  a  heat  flux  of 
approximately  1  cal/cm“  s  or  less,  has  the  ability  to  extinguish  the  combustion  process.  In  other 
words,  the  combustion  occurs  in  an  unstable  regime,  and  it  is  strongly  affected  by  the  deradiation 
transient. 

Finally,  results  obtained  using  a  photodiode,  at  a  working  pressure  where  the  oscillatory  combustion 
behavior  is  pronounced,  permit  the  observation  that  this  phenomenon  can  influence  extinction  as 
illustrated  in  Fig.  13.  In  fact,  from  these  results,  it  is  possible  to  notice  that  if  deradiation  occurs 
when  the  oscillation  is  growing,  the  deradiation  transient  is  almost  canceled  while  for  the  opposite 
case  it  is  enhanced.  This  peculiarity  has  been  previously  described  in  numerical  simulations. 

Records  made  by  the  video  system  of  the  burning  propellant  sample  have  allowed  a  definition  of  two 
final  configurations:  continuous  burning  and  extinction.  A  frame  by  frame  analysis  of  the  recorded 
combustion  transient  permits  an  examination  of  the  effect  of  the  radiation  pulse  on  the  flame 
structure.  In  fact,  when  the  laser  flux  impinges  on  the  burning  surface,  the  flame  length  and 
luminosity  reaches  their  maximum  (highest  gas  velocity)  while  after  the  deradiation  the  lowest 
luminosity  and  flame  length  were  observed  (lowest  gas  velocity).  No  quantitative  data  can  be 
obtained  from  these  observations  at  this  time. 


CONCLUSIONS  AND  FUTURE  WORK 

Experiments  were  performed  using  a  pulsed  CO2  laser  as  a  forcing  function  for  the  purpose  of 
studying  extinction  of  an  AP/HTPB  (86/14)  propellant  burning  in  its  steady-state  regime.  Laser 
Doppler  velocimetry  was  utilized  to  measure  the  velocity  of  the  gas  departing  from  the  burning 
surface,  and  the  obtained  results  provided  information  about  the  phenomena  occurring  during  the 
combustion  transient. 

Experimental  evidence  shows  that  extinction  can  be  achieved  if  the  duration  and  power  of  the  laser 
pulse  are  properly  chosen,  and  that  two  different  final  conditions  are  established  after  laser  cut  off; 
continuous  burning  in  a  steady-state  regime  or  propellant  extinction  because  reignition  phenomena 
were  not  observed  testing  this  propellant. 

Curves  separating  the  different  propellant  response  to  the  external  radiant  stimulus  were  constructed 
for  different  operating  pressures  and  laser  pulse  intensities  below  which  extinction  did  not  occur. 
Dependence  of  the  propellant  response  on  the  laser  intensity  indicates  that  the  pulse  duration, 
required  for  the  propellant  extinction,  generally  must  decrease  as  the  CO2  laser  intensity  increases. 
Future  work  will  involve  the  use  of  a  more  powerful  CO2  laser  (150  W)  which  will  allow  an 
investigation  of  a  wider  pressure  range  and  different  final  conditions.  Aluminized  composite 
propellants  will  be  tested  and  reignition  phenomena,  often  observed  in  some  of  our  preliminary  tests, 
will  be  studied. 
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ABSTRACT:  Two-dimensional  NO  distributions  in  a  steadily  running  optically  accessible  diesel 
engine  are  observed  by  laser-induced-fluorescence  using  a  tunable  ArF  excimer  laser  at  193  nm. 
Simultaneous  excitation  at  226  nm  revealed  that  no  sizeable  photo-chemical  effects  influencing  the  NO 
distribution  are  induced  by  the  excimer  laser.  The  measurements  are  performed  in  both  a  directly 
injected  two-stroke  engine  and  an  indirectly  injected  four-stroke  engine.  The  in-cylinder  attenuation 
of  the  laser  beam  due  to  absorption  and  scattering  by  particles  as  well  as  the  reduced  transparency  of 
the  quartz  windows  due  to  soot  deposits  are  taken  into  account  in  the  evaluation  of  the  NO 
distributions.  Hereto  correction  procedures  are  applied  involving  the  measurement  of  Mie  scattered 
laser  light  distributions  in  the  motored  and  the  running  engine.  Results  for  the  corrected  NO-LIF 
distributions  are  presented  as  a  function  of  crank  angle  and  load.  The  consistency  of  the  obtained 
results  is  verified  by  performing  measurements  with  reversed  laser  beam  direction.  The  NO-LIF 
distributions  show  a  reproducible  evolution  as  a  function  of  crank  angle.  The  averaged  LIF  intensity 
decreases  strongly  with  increasing  crank  angle,  as  expected  for  an  early  NO  formation  followed  by 
an  expansion. 


INTRODUCTION 

In  the  study  of  combustion  processes,  laser  induced  fluorescence  (LIF)  has  proven  to  be  a  powerful 
technique  to  extract  information  about  molecular  density  and  temperature  distributions.  The 
development  of  high  power  tunable  excimer  lasers  in  combination  with  sensitive  intensified  CCD 
cameras  has  enabled  the  application  of  LIF  in  even  the  most  hostile  environments  such  as  the 
combustion  chamber  of  an  engine.  Whereas  the  applicability  of  LIF  detection  to  the  study  of  the 
combustion  process  in  Otto  engines  has  been  widely  recognized,  there  are  only  few  smdies  involving 
LIF  in  diesel  engines.  To  a  great  deal  this  is  due  to  the  reduction  of  window  transmission  by  sticky 
soot  deposits  and  extinction  of  the  laser  beam  in  the  cylinder,  which  reduce  the  signal  strength  and 
complicate  the  interpretation  of  the  obtained  data.  In  most  experiments,  therefore,  mostly  low-sooting 
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fuels  or  (mixtures  of)  single  component  fuels  such  as  n-heptane  are  used.  Moreover,  the  test  engines 
are  usually  operated  in  skip-fired  mode  (i.e.,  the  combustion  in  the  motored  engine  only  takes  place 
every  selectable  number  of  cycles)  in  order  to  prolong  the  optical  transparency  of  the  windows  of  the 
combustion  chamber. 

In-cylinder  NO  distributions  have  been  visualized  by  means  of  2D-LIF  as  described  by  Arnold  et  al. 
[1],  Alata§  et  al.  [2]  and  Brugman  et  al.  [3].  Alata§  et  al.  [2]  using  a  50/50  mixture  of  iso-octane  and 
tetradecane  in  a  square  combustion  chamber,  found  evidence  that  the  NO  formation  ceased  at  30  to 
40  degrees  after  top  dead  center  (ATDC).  In  a  previous  paper,  LIF  spectra  of  NO  at  193  nm  were 
reported  for  a  4-stroke  engine  operated  on  both  n-heptane  and  standard  diesel  fuel  [3].  These 
measurements  were  performed  at  low  pressures  around  bottom  dead  center  (BDC).  Subsequently, 
experiments  were  extended  to  higher  pressures  with  the  objective  of  exploring  2D-LIF  for  its  capability 
to  obtain  relative  2D  distributions  of  NO  during  the  complete  combustion  cycle. 

In  this  paper,  2D-LIF  measurements  of  NO  in  a  directly  injected  2-stroke  and  an  indirectly  injected 
4-stroke  engine  are  presented.  Attention  is  paid  to  the  effects  of  attenuation  by  the  soot  contaminated 
windows  and  the  in-cylinder  extinction  of  the  laser  beam.  In  order  to  verify  the  non-intrusive  character 
of  the  LIF  measurements  a  two-colour  experiment  was  performed  to  check  the  possible  occurrence 
of  excimer  laser  induced  photo-chemical  processes  by  which  NO  is  produced  or  destroyed,  which 
would  result  in  erroneous  NO  distributions. 


EXPERIMENTAL 

Measurements  are  performed  on  two  different  single  cylinder  diesel  engines:  a  directly  injected  2- 
stroke  engine  (Sachs,  swept  volume  of  412  cc,  bore  of  81  mm  diameter,  stroke  of  80  mm)  and  an 
indirectly  injected  4-stroke  engine  (Hatz-Samofa,  swept  volume  580  cc,  bore  86  mm,  stroke  100  mm). 
Details  of  the  experimental  setup  including  the  4-stroke  engine  are  available  in  [3].  The  NO  molecules 
are  excited  at  193  nm  using  a  tunable  ArF  excimer  laser  (Lambda  Physik  EMG  150).  The  laser  beam 
is  shaped  into  a  3  mm  x  25  mm  sheet  and  traverses  the  combustion  chamber  through  an  entrance  and 
an  exit  window.  The  4-stroke  engine  was  made  optically  accessible  by  mounting  three  quartz  windows 
in  the  cylinder  wall.  In  this  case,  the  laser  sheet  is  oriented  in  a  vertical  plane  (i.e.,  parallel  to  the 
piston  axis)  and  the  fluorescence  is  coupled  out  in  a  direction  perpendicular  to  this  plane.  In  the  2- 
stroke  engine,  the  outcoupling  window  is  mounted  in  the  cylinder  head,  as  shown  in  Fig.  1,  and  the 
laser  sheet  is  in  a  horizontal  plane  (i.e.  perpendicular  to  the  piston  axis).  Whereas  in  the  4-stroke 
engine  the  optical  access  is  strongly  limited  due  to  the  blocking  of  the  windows  by  the  moving  piston, 
this  is  no  longer  the  case  in  the  2-stroke  engine.  Full  access  is  obtained  by  using  a  piston  with  a  shallow 
slot  to  allow  the  laser  sheet  traversing.  The  experiments  described  in  this  paper,  however,  have  been 
performed  by  using  a  flat  piston  allowing  measurements  at  crank  angles  larger  than  25°  ATDC. 

Within  the  300  cm'^  wide  tuning  range  of  the  laser,  NO  produced  in  the  cylinder  of  the  running  engine 
can  effectively  be  excited  through  a  series  of  rotational  channels  of  the  D^S'^(v'  =0)  X^n(v"  =  1) 
transition.  The  2D-LIF  measurements  are  performed  at  a  fixed  laser  wavelength  (193.588  nm) 
corresponding  to  the  coinciding  Ri(23.5)/Q,(29.5)  transitions  of  NO.  At  this  wavelength,  no 
disturbance  by  oxygen  absorption  is  expected  [4].  During  the  measurements,  the  laser  is  kept  on 
resonance  by  monitoring  the  simultaneously  induced  fluorescence  from  NO  in  an  oxy-acetylene  flame, 
produced  by  a  small  fraction  of  the  pulse  energy.  The  remaining  pulse  energy  (==60  mJ /pulse)  is 
directed  to  the  entrance  window  of  the  engine.  In  one  experiment  on  the  4-stroke  engine  the 
propagation  direction  of  the  laser  beam  was  reversed  in  order  to  check  the  consistency  of  the  obtained 
NO  distribution. 
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Figure  1.  Schematic  view  of  the  optically  accessible  cylinder  head  of  the  2-stroke  engine.  The 
entrance  and  exit  windows  are  out  of  the  plane  of  the  drawing.  The  laser  sheet  is 
oriented  perpendicular  to  the  piston  axis.  The  fluorescence  radiation  is  coupled  out  via 
the  top  window.  The  side  window,  shown  in  the  figure,  is  not  used  in  the  present 
measurements. 

The  imaged  in-cylinder  area  has  a  diameter  of  2.5  cm  and  4.0  cm  for  the  2-  and  the  4-stroke  engine, 
respectively.  The  2D-LIF  signal  is  separated  from  the  resonantly  scattered  laser  radiation  by  means 
of  a  10  nm  bandwidth  interference  filter  (Laser  Qptik)  adjusted  to  maximum  transmission  (==80%)  at 
208  nm.  The  2D-LIF  signal  is  then  fed  into  the  50  ns  gated  image  intensifier  of  a  CCD-camera.  The 
images  from  the  4-stroke  engine  are  recorded  by  a  video  CCD  camera  (Theta)  and  digitized  by  an  8 
bit  frame  grabber  (Matrox).  In  the  experiments  with  the  2-stroke  engine,  a  more  sensitive  12-bit  slow- 
scan  camera  (LaVision)  is  used.  The  background  of  the  recorded  2D-LIF  signal  (if  the  laser  beam  is 
blocked  or  the  laser  is  tuned  oif-resonant)  is  observed  to  be  sufficiently  low  [3]  to  make  background 
subtraction  procedures  redundant.  An  opto-electronic  device  continuously  meastures  the  crank  position 
of  the  engine  and  triggers  a  delay  generator,  which  in  turn  synchronizes  the  laser  pulses,  the  LIF 
calibration  section  and  the  2D-LIF  imaging  system.  An  electric  brake  mounted  on  the  flywheel  of  the 
engine  provides  adjustable  load  conditions.  Most  of  the  imaging  of  NO  presented  in  this  work  is 
performed  while  the  engine  is  running  steadily  (=1000  rpm  for  the  4-stroke  engine  and  =2000  rpm 
for  the  2-stroke  engine)  on  standard  diesel  fuel.  In  the  4-stroke  engine,  a  fixed  amount  of  oxygen  (circa 
12%)  is  added  to  the  air-inlet  of  the  running  engine  in  order  to  raise  the  combustion  temperature, 
resulting  in  an  increased  population  of  the  probed  v”  =  l  state  of  NO.  The  increased  combustion 
temperature  also  leads  to  decreased  soot  formation  and  as  a  consequence  a  sufficiently  high  optical 
transparency  of  the  quartz  windows  can  be  maintained  over  almost  unlimited  periods  of  time.  The  2- 
stroke  engine  is  operated  without  extra  oxygen.  Nevertheless  there  are  no  soot  deposits  formed  on  the 
windows  during  operation.  Probably  this  is  caused  by  a  higher  temperature  of  these  windows  due  to 
the  neighbouring  diesel  sprays.  The  pressure  in  the  cylinder  of  the  running  engine  is  monitored  by 
a  water-cooled  pressure  transducer  (AVL  QC  32)  connected  to  a  charge  amplifier. 
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VALIDATION  OF  THE  DETECTION  METHOD 


Laser  induced  photochemistry 

In  the  two-colour  excitation  experiment,  a  setup  is  used  as  schematically  depicted  in  Fig.  2.  In  addition 
to  the  ArF  excimer  laser  a  frequency  doubled  Nd:  YAG  pumped  dye  laser  (Quantel)  is  applied  to  excite 
the  NO  molecules  via  the  transition  =0)  X^n(v"  =0)  at  226  nm.  A  spherical  lens  (f=30 

cm)  focuses  the  dye  laser  beam  at  the  axis  of  the  cylinder  in  such  a  way  that  both  laser  pulses  have 
maximum  spatial  overlap.  The  dye  laser  induced  fluorescence  from  the  A^2^(v'  =0)  X^n(v">3) 

bands,  observed  above  250  nm  through  a  UG  5  filter,  is  measured  both  in  the  presence  and  in  the 
absence  of  the  excimer  laser  beam.  This  way  the  possible  occurrence  of  photochemical  effects  on  the 
NO  distribution  induced  by  the  excimer  laser  is  checked. 

In  Fig.  3,  two  NO  excitation  scans  of  the  226  nm  region  measured  with  the  frequency-doubled  dye 
laser  in  the  running  engine  and  in  the  welding  torch  are  presented.  A  simulated  spectrum,  calculated 
for  T=  1800  K  using  data  from  Reisel  et  al.  [5],  is  given  in  the  middle  row.  The  three  spectra  show 
very  good  agreement.  Evidently,  the  spectrum  obtained  from  the  engine  is  much  weaker  than  the  flame 
spectrum.  The  strongest  transition  (p2(22.5)  at  226.364  nm  [5])  was  selected  to  detect  any  photo¬ 
chemical  effects  of  the  excimer  laser  radiation.  The  effect  of  the  presence  of  the  excimer  laser  radiation 
on  the  dye  laser  induced  LIF  signal  strength  from  the  running  engine  (1000  rpm,  no  load)  is  depicted 
in  Fig.  4.  As  can  be  clearly  deduced  from  this  figure,  the  influence  of  the  excimer  laser  radiation  on 
the  dye  laser  induced  LIF  signal  strength  is  negligible,  which  leads  to  the  conclusion  that  excimer 
laser  induced  photo-chemical  processes,  if  they  occur  at  all,  have  no  observable  influence  on  the 
population  of  the  X^n(v"  -0)  state  under  the  present  experimental  circumstances.  In  view  of  the  fast 
vibrational  relaxation  of  NO  [6]  this  most  probably  holds  for  the  X^n(v"  =  l)  state  (probed  by  the 
excitation  at  193  nm)  as  well.  A  three-level  double  resonance  experiment  is  in  preparation  to  directly 
monitor  the  depletion  of  the  lower  level  of  the  excimer  laser  transition. 


Resonance;  R1{23.5)  @  193.588  nm 


Figure  2.  The  experimental  setup  for  the  two-colour  experiment.  The  NO  molecules  are  probed 
via  the  A-X(0,  0)  band  by  a  frequency  doubled  dye  laser,  operated  at  Coumarin  47, 
delivering  2  mJ/pulse  at  226  nm.  The  subsequent  fluorescence  in  the  A-X(0,  3)  band 
at  270  nm  is  measured  in  the  absence  and  in  the  presence  of  the  ArF  excimer  laser  beam 
(80  mJ/pulse),  exciting  the  D-X(0,  1)  band  of  NO. 
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Excitation  laser  wavelength  -  226  (nm) 

Figure  3.  Two  excitation  scans  of  NO  around  226  nm  in  the  welding  torch  (top  scan)  and  in  the 
running  4-stroke  engine  (bottom  scan),  respectively.  In  the  middle  a  simulated  spectrum 
is  shown,  calculated  with  the  data  of  Reisel  et  al.  [5].  The  P2(22.5)  transition  is  used 
for  the  two-colour  measurements. 
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Figure  4.  A  typical  result  of  the  two-colour  measurements.  Within  the  experimental  accuracy  no 
change  in  the  A-X  fluorescence  intensity  is  observed  when  the  excimer  laser  is  switched 
on  or  off.  It  makes  no  difference  whether  the  excimer  laser  is  set  on  or  off  the  D-X, 
Rj(23.5)/Qi(29.5)  transition  of  NO. 
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Linearity 


In  the  processing  of  the  NO-LIF  signals  linearity  of  the  signal  strength  with  the  laser  pulse  energy  is 
a  prerequisite.  Measurements  as  a  function  of  the  laser  intensity  showed  that  within  the  spread  of  the 
experimental  results  this  condition  is  fulfilled  up  to  the  highest  energy  used  in  the  experiments. 

Saturation 

The  observed  linearity  of  the  NO  signal  strength  on  the  pulse  energy  does  not  imply  that  there  are  no 
saturation  effects  present.  An  estimate  of  the  degree  to  which  saturation  plays  a  role  can  be  obtained 
by  comparing  the  actual  laser  intensity  with  the  calculated  samration  intensity,  [7].  Since  the  Einstein 
coefficient  for  absorption,  B]2  is  not  known  for  the  D  -  X  transition  only  a  lower  limit  can  be 
calculated  for  Ig  by  using  the  known  radiative  lifetime  of  the  D  state.  This  results  in  >  9T0®  W/m^ 
at  the  present  laser  bandwidth  of  0.5  cm'^ .  This  is  about  equal  to  the  estimated  laser  intensity  in  the 
imaged  area  in  the  combustion  chamber.  Therefore  saturation  effects  are  expected  to  be  of  minor 
importance  in  the  present  experiments.  It  should  be  noted  that  even  in  case  of  (not  too  strong) 
saturation,  the  LIF  signal  strength  is  still  linearly  proportional  to  the  local  NO  density. 


MEASUREMENT  PROCEDURE 

A  complete  measurement,  at  given  crank  angle  and  engine  conditions,  comprises  one  NO  fluorescence 
distribution  and  four  Mie  scattering  images,  recorded  in  a  specific  order  which  facilitates  post¬ 
processing  of  the  NO-LIF  distributions  [8].  First,  with  all  windows  thoroughly  clean,  a  Mie  scattering 
distribution  is  measured  in  the  motored  engine  (A  in  Figs.  5  and  6  below).  Then  the  NO-LIF  image 
is  recorded  in  the  running  engine  (B),  immediately  followed  by  a  second  Mie  scattering  distribution 
from  the  motored  engine  (C).  Finally,  a  Mie  scattering  image  is  recorded  in  the  running  engine  (E), 
once  again  followed  by  a  (third)  Mie  scattering  distribution  from  the  motored  engine  (F).  All  individual 
images  are  averages  over  about  300  (4-stroke)  or  25  (2-stroke)  laser  pulses.  The  Mie  scattering  images 
are  recorded  by  bypassing  the  interference  filter  in  front  of  the  CCD  camera.  A  complete  series  takes 
about  15  minutes.  The  Mie  scattering  images  from  the  motored  engine  are  used  to  derive  correction 
factors  for  locally  decreasing  window  transmission  due  to  soot  deposits  building  up  while  the  engine 
is  running.  Local  window  transmission  changes  during,  for  instance,  the  NO  fluorescence 
measurement,  can  be  detected  by  a  comparison  of  the  two  Mie  scattering  images  before  and  after  the 
2D-LIF  measurement.  Since  the  locations  of  the  soot  deposits  are  observed  not  to  change  during  the 
runs,  this  allows  for  a  correction  of  the  NO-LIF  distributions  for  the  attenuation  of  both  the  laser  beam 
and  the  fluorescence  radiation  due  to  window  fouling. 

In  addition  to  the  correction  for  the  reduced  window  transmissions,  the  measured  NO  LIF  distributions 
have  to  be  corrected  for  in-cylinder  attenuation  of  the  laser  beam.  At  the  pressures  considered  ( <  10 
bar)  the  attenuation  is  mainly  due  to  Mie  scattering  and  absorption  by  particles.  The  scattered  signal 
is  linearly  proportional  to  both  the  laser  intensity  and  the  local  particle  density.  If  it  is  assumed  that 
the  particles  are  more  or  less  uniformly  distributed  in  the  imaged  area,  the  Mie  scattering  image  reflects 
the  laser  intensity  distribution,  which  then  can  be  used  to  obtain  more  realistic  NO-LIF  distributions  [8] . 

Presently,  it  is  not  yet  possible  to  correct  for  the  effects  of  collisional  quenching  on  the  measured  NO 
fluorescence  distributions.  Inelastic  collisions  induce  a  considerable  decrease  of  the  number  of  excited 
NO  molecules  and  as  a  consequence  the  intensity  of  the  induced  fluorescence  is  reduced  (quenched). 
This  will  affect  the  total  signal  strength  of  the  observed  NO-LIF  distributions,  thus  making  the 
determination  of  absolute  NO  densities  difficult.  Therefore  the  present  experiments  are  aimed  at  the 
study  of  relative  NO  density  distributions  as  a  function  of  crank  angle  and  load. 
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Laser  propagation  direction:  »> 


Engine  running  ®  1 000  rpm  /  no  load 


E  F  G  H 


Figure  5.  Measured  2D  images  of  Mie  scattered  laser  light  and  of  NO  fluorescence  in  the  4-stroke 
engine  at  135°  ATDC.  The  laser  sheet  enters  the  imaged  area  from  the  left  hand  side. 
In  picture  A,  a  Mie  scattering  image  is  shown,  measured  in  the  motored  engine  with 
clean  windows;  picture  B  shows  a  NO-LIF  image,  recorded  in  the  running  engine; 
pictures  C  and  F  show  images  of  Mie  scattered  distributions  in  the  motored  engine  after 
running,  i.e.  with  dirty  windows;  in  picture  E,  a  Mie  scattering  image  is  shown, 
measured  in  the  running  engine.  Pictures  D  and  G  represent  images  of  NO-LIF  and  Mie 
scattering  distributions  after  correction  for  the  soot  deposits  on  die  windows.  The  final 
result  for  the  NO-LIF  distribution  corrected  for  both  window  fouling  and  in-cylinder 
laser  extinction  is  given  in  picture  H.  All  individual  images  are  averages  over  about 
300  laser  pulses. 


Laser  propagation  direction:  «<  Engine  running  @  1000  rpm  /  no  load 


Figure  6.  The  same  as  in  Fig.  5,  but  with  the  opposite  laser  sheet  direction.  The  laser  beam  enters 
the  imaged  area  from  the  right  hand  side. 
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The  correction  procedures  are  described  in  detail  in  [8].  Their  application  is  based  on  the  assumption 
that  the  sampled  2D-LIF  signal  strength  depends  linearly  on  both  the  laser  pulse  energy  as  well  as  on 
the  NO  population  density  in  the  imaged  area.  As  discussed  above,  the  in-cylinder  laser  intensity  is 
low  enough  to  preclude  any  observable  photochemical  processes.  Within  the  experimental  accuracy, 
the  NO-LIF  signal  is  linearly  dependent  on  the  laser  intensity  at  the  considered  engine  operating 
conditions  and  saturation  is  not  expected  to  play  an  important  role. 


RESULTS  AND  DISCUSSION 

Demonstrations  of  the  measurement  procedure  applied  to  two  NO  fluorescence  distributions  recorded 
in  the  running  4-stroke  engine  (no  load,  135°  ATDC)  are  given  in  Fig.  5  and  Fig.  6  for  the  two 
directions  in  which  the  laser  beam  can  traverse  the  combustion  chamber.  Both  figures  consist  of  8 
three-dimensional  representations  of  the  measured  and  corrected  images.  The  plots  labelled  A  were 
measured  first,  and  they  display  the  laser  intensity  distributions  in  the  motored  engine  with  previously 
cleaned  windows  as  imaged  by  Mie  scattering.  The  plots  labelled  B  are  depictions  of  the  (unprocessed) 
measured  NO  fluorescence  distributions.  The  plots  labelled  C  show  the  in-cylinder  laser  intensity 
distributions  measured  immediately  after  the  NO  fluorescence  measurement  in  the  running  engine. 
Plots  5D  and  6D  display  the  results  of  applying  the  correction  procedure  for  window  fouling  to  the 
measured  NO  fluorescence  distribution.  Comparing  Fig.  6B  with  Fig.  6D,  one  observes  a  shift  of  the 
corrected  NO  distribution  towards  the  centre  of  the  imaged  area,  whereas  in  this  particular  case  (with 
apparently  little  window  fouling)  this  first  correction  hardly  affects  the  initially  imaged  NO 
fluorescence  distribution  for  the  other  direction  (Fig.  5B).  The  plots  labelled  E  are  the  (uncorrected) 
results  of  the  Mie  scattering  measurements  of  the  laser  intensity  distribution  in  the  cylinder  of  the 
running  engine.  The  high  intensities  at  the  laser  exit  sides  are  most  probably  artefacts  caused  by 
reflections  of  the  laser  sheet  at  the  laser  exit  window.  The  plots  labelled  F  are  Mie  scattered  images 
from  the  motored  engine  measured  immediately  after  the  measurements  which  produced  the  plots  E. 
The  plots  A  and  F  are  used  to  apply  the  same  correction  procedure  for  window  fouling,  mentioned 
above,  to  the  plots  E  and  the  results  are  shown  in  Fig.  5G  and  Fig.  6G.  The  latter,  in  combination 
with  the  corrected  NO  fluorescence  distributions  (plots  D),  form  the  ingredients  of  the  second 
correction  procedure,  which  accounts  for  the  decreasing  laser  intensity  [8].  Finally,  the  plots  labelled 
H  are  depictions  of  the  fully  corrected  NO  fluorescence  distributions.  It  should  be  noted  here  that  the 
NO  distributions  of  Fig.  5H  and  Fig.  6H  are  very  similar  in  contrast  to  the  original,  uncorrected,  NO 
fluorescence  distributions  Fig.  5A  and  Fig.  6A.  Thus,  after  two  corrections,  an  in-cylinder  NO 
fluorescence  distribution  is  found  which,  at  least  qualitatively,  is  independent  of  the  propagation 
direction  of  the  laser  sheet.  This  is  a  strong  indication  for  the  reliability  of  the  correction  procedures 
and  the  resulting  in-cylinder  NO  distributions. 

Comparing  Fig.  5E  with  Fig.  5A  and  Fig.  6E  with  Fig.  6A,  one  might  conclude  that  the  decay  of  the 
laser  intensity  in  the  motored  engine  is  much  larger  than  the  decay  observed  in  the  running  engine. 
In  order  to  verify  this,  the  overall  transmission  of  the  laser  through  both  windows  and  the  cylinder 
was  measured.  It  turned  out  that  the  transmission  of  the  laser  is  about  two  times  better  if  the  engine 
is  running  (-20%)  instead  of  being  motored  (=10%).  An  explanation  is  most  likely  to  be  found  in  the 
higher  in-cylinder  temperature  of  the  running  engine,  causing  vaporization  of  the  lubricant  and  other 
scattering  particles.  This  will  reduce  the  scattering  losses  in  the  cylinder  of  the  running  engine.  At  high 
pressures,  absorption  by  oxygen  is  expected  [9],  due  to  broadening  of  the  individual  lines  in  the 
Schumann-Runge  band.  For  the  pressure  range  in  the  present  experiments  (<  10  bar)  no  line 
broadening  larger  than  the  0.5  cm'^  bandwidth  of  the  laser  is  expected  and  no  indication  of  absorption 
by  oxygen  is  found. 
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ISS"  120°  105°  (ATDC)  135°  120°  105° 

Figure  7.  The  averaged  NO  LIF  densities  for  the  two  opposite  laser  sheet  directions  as  a  function 
of  crank  angle  in  the  4-stroke  engine,  before  (•)  and  after  (■)  correction  for  window 
fouling  and  laser  beam  extinction. 

The  effect  of  the  correction  procedures  is  shown  in  Fig.  7,  where  the  averaged  NO-LIF  densities  are 
plotted  as  a  function  of  the  crank  angle  before  and  after  the  signal  processing.  The  two  parts  of  the 
figure  correspond  to  the  two  opposite  directions  of  the  laser  beam  through  the  combustion  chamber. 
The  largest  effect  is  seen  at  80°  ATDC  (not  shown  in  the  figure),  the  smallest  angle  where 
measurements  are  possible  in  the  4-stroke  engine.  The  corrected  signal  is  here  more  than  20  times 
stronger  as  compared  to  the  unprocessed  signal.  The  increase  of  the  NO  density  towards  higher 
pressures  (i.e.  earlier  in  the  expansion  stroke)  is  in  agreement  with  the  expectation  that  the  NO  is 
formed  early  in  the  combustion  and  expands  with  the  volume  during  the  stroke.  The  results  for  both 
laser  beam  directions  are  in  qualitative  agreement  to  each  other.  The  quantitative  differences  might 
be  due  partly  to  the  spread  of  the  experimental  data  and  partly  to  a  larger  concentration  of  scattering 
particles  at  the  exhaust  valve,  which  is  situated  close  to  one  of  the  windows,  as  explained  in  more  detail 
in  [8]. 

In  Fig.  8,  three  series  of  two-dimensional  NO-LIF  distributions  are  shown  in  false  colours,  measured 
in  the  2-stroke  engine  as  a  function  of  the  crank  angle.  The  series  were  measured  at  the  same  engine 
conditions,  a  few  minutes  after  each  other.  All  images  are  averaged  distributions  measured  during  1 .25 
seconds  (25  strokes).  In  all  these  images,  the  laser  beam  travelled  from  top  to  bottom;  the  position 
of  the  fuel  injector  is  at  the  right  hand  side  of  each  image.  Because  the  scaling  factors  are  different 
for  each  image,  only  the  distributions  and  not  the  absolute  values  of  these  pictures  should  be  compared 
among  themselves.  Although  the  series  differ  from  each  other,  due  to  the  highly  turbulent  character 
of  the  combustion  process,  some  reproducible  pattern  is  observed:  the  NO  seems  to  move  from  the 
top  (at  62°  ATDC)  to  the  bottom  in  the  image  (at  105°  ATDC).  Possibly  this  effect  is  caused  by  a 
specific  gas  flow  circulation  in  the  cylinder  during  the  stroke.  If  the  different  scaling  factors  are  taken 
into  account  the  average  NO  LIF  densities  are  obtained  as  given  in  Fig.  9.  In  this  figure,  the  results 
are  also  shown  for  another  diesel  fuel  with  a  different  cetane  number.  A  behaviour  similar  to  the  result 
obtained  for  the  4-stroke  engine  is  obtained:  the  amount  of  NO  is  almost  zero  at  the  point  where  the 
exhaust  and  inlet  port  are  both  open  and  increases  strongly  at  higher  pressures,  corresponding  to  an 
expanding  amount  of  NO  at  increasing  crank  angle. 

The  averaged  NO  LIF  densities  in  Figs.  7  and  9  are  not  corrected  for  the  change  in  fluorescence 
quenching  and  temperature  during  the  stroke.  The  effect  of  the  temperature  is  expected  to  be  small 
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as  explained  above.  The  fluorescence  quenching  will  be  stronger  at  higher  pressure,  which  would  result 
in  steeper  curves  in  Figs.  7  and  9  after  correction. 

In  the  4-stroke  engine,  measurements  were  also  performed  at  different  loads,  yielding  an  increase  of 
the  in-cylinder  NO  amount  with  load,  as  expected.  Measurements  are  in  progress  to  follow  the  NO-LIF 
distribution  towards  higher  pressures. 


Figure  8.  Three  series  of  corrected  NO-LIF  density  distributions  in  the  2-stroke  engine  at  four 
crank  angles.  The  series  were  measured  immediately  after  each  other  at  the  same  fuel 
and  engine  conditions.  The  laser  beam  traverses  the  imaged  area  from  top  to  bottom. 
The  fuel  injector  is  at  the  right  hand  side  of  each  image. 


Figure  9.  Averaged  NO-LIF  densities  as  a  function  of  pressure  in  the  2-stroke  engine  for  two 
fuels  with  different  cetane  number. 
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CONCLUSIONS 


Nitric  oxide  distributions  inside  the  cylinder  of  a  running  diesel  engine  operated  on  standard  diesel 
fuel  can  be  visualized  by  2D-LIF  detection  at  193  nm.  This  is  demonstrated  for  both  a  directly  injected 
and  an  indirectly  injected  engine.  Despite  the  high  energy  of  the  excimer  laser  pulse,  the  measured 
NO  LIF  distribution  is  not  influenced  by  possible  photochemical  effects.  After  correction  for  window 
fouling  and  in-cylinder  laser  beam  extinction,  relative  NO  distributions  are  obtained,  showing  the 
expected  behaviour  of  an  expanding  gas  in  the  expansion  stroke.  Qualitatively,  the  results  are 
independent  of  the  direction  of  the  laser  beam.  Future  experiments  will,  amongst  others,  address  the 
dependence  of  the  NO  distribution  on  engine  load  and  fuel  composition  during  as  large  a  part  of  the 
combustion  cycle  as  possible. 
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ABSTRACT:  This  paper  presents  results  from  a  series  of  numerical  simulations  of  detonations 
for  a  range  of  energetic  materials  and  applications.  A  brief  discussion  is  given  of  the  computers 
and  computational  capabilities  that  allow  such  simulations.  Then  results  are  presented  for 
simulations  of  cellular  structure  in  gas-phase  detonations,  detonations  in  supernovae,  and  the 
effects  of  lattice  structure  on  initiation  and  propagation  of  detonations  in  solid  explosives.  The 
paper  concludes  with  a  description  of  a  new  project  whose  objective  is  to  develop  environ¬ 
mentally  sound  ways  of  detonating  the  hundreds  of  megatons  of  surplus  energetic  materials. 

INTRODUCTION 

A  detonations  is  the  fastest,  most  intense  form  of  energy  release  that  occurs  in  an  ener¬ 
getic  material.  Detonations  occur  in  confined  natural  gases  in  caves  or  mines,  in  the  use  of 
condensed-phase  explosives  and  propellants.  Astrophysical  detonations  are  supernovae,  which 
have  created  most  of  the  heavy  elements  in  the  universe.  After  many  years  of  concentrated 
efforts,  fundamental  questions  about  the  properties  of  the  initiation,  propagation,  and  extinc¬ 
tion  of  detonations  in  many  materials  remain.  Ignition  from  a  shock  wave  is  perhaps  the 
best  understood  process.  But  the  transition  from  laminar  burning  to  deflagration  (turbulent 
flames)  to  detonation  poses  many  fundamental  unanswered  questions.  In  the  simplest  theo¬ 
ries,  a  propagating  detonation  front  can  be  considered  as  a  discontinuity  moving  through  the 
material  at  a  speed  characteristic  of  the  energetic  and  background  materials.  Closer  examina¬ 
tion  reveals  the  importance  of  the  much  more  complex  and  dynamic  structure  of  interacting 
and  intersecting  shock  waves,  contact  siufaces,  and  continuously  changing  reaction  zones.  On 
the  microscopic  scales  of  condensed  phase  explosions,  there  are  fundamental  questions  about 
the  mechanisms  of  heat  transfer  in  the  crystals,  the  effects  and  importance  of  inhomogeneities, 
and  how  these  affect  ignition  and  propagation. 

The  basic  physics  of  an  idealized  detonation  on  a  macroscopic  scale  can  be  described  by  the  set 
of  continuum  conservation  equations  of  mass,  momentum,  and  energy,  coupled  to  an  expression 
for  energy  release  as  the  material  is  heated  and  compressed  by  a  leading  shock  wave.  At  one 
extreme,  the  simplest  solution  of  these  equations,  for  a  planar  geometry  and  in  free  space,  gives 
the  steady-state  jump  conditions  across  the  detonation  front.  This  type  of  analysis  provides 
information  provides,  for  example,  an  estimate  of  the  detonation  velocity  based  on  the  energy 
content  of  the  material.  At  the  other  extreme,  the  more  complex  solutions  of  multidimensional, 
time-dependent,  compressible  flows  with  various  rates  of  chemical  transformations  and  forms  of 
energy  release  in  and  different  types  of  materials  must  be  solved  numerically.  The  reliability  of 
these  simulations  is  severely  limited  by  the  quality  of  the  chemical  reaction  rates  and  equations 
of  state.  For  some  condensed-phase  systems,  these  continuum  equations  cannot  properly 
describe  the  system  and  when  used,  much  of  the  input  is  ad  hoc  and  phenomenological. 
Recently  there  have  been  attempts  to  simulate  condensed-phase  detonations  at  the  microscopic 
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level  using  molecular  dynamics,  to  obtain  qualitative  information  about  microscopic  manybody 
effects. 

Performing  such  computations  requires  a  confluence  of  tools  and  information  from  a  number 
of  disciplines,  including  fluid  dynamics,  chemical  kinetics,  computer  science,  and  numerical 
analysis.  The  field  of  computational  fluid  dynamics  (CFD)  brings  together  those  aspects  that 
involve  all  but  the  chemical  and  some  physical  inputs.  We  have  been  calling  the  science  and 
engineering  that  includes  the  details  of  the  multispecies  interactions  computational  reacting 
fluid  dynamics.  Detonation  simulations  are  computationally  intensive,  and  often  their  extent 
and  validity  are  a  function  of  the  available  computer  resources. 

HIGH-SPEED,  LARGE-SCALE  COMPUTING 

The  detail  and,  for  some  properties,  the  accuracy  we  can  expect  from  a  numerical  simulation 
of  a  chemically  reacting  flow  depends  on  the  interplay  of  a  number  of  factors.  These  include 
the  availability  of  high-speed  computers,  specialized  numerical  algorithms,  and  methods  of 
visualizing  or  analyzing  the  output. 

For  example,  the  major  advances  in  CFD  have  come  from  using  the  more  accurate  monotone 
methods  on  massively  parallel  computers  that  allow  high-resolution  simulations.  Fifteen  years 
ago,  a  two-dimensional  computation  with  10^  computational  cells  was  considered  large.  Today, 
computations  have  been  done  with  10^  cells.  This  not  only  reflects  an  advance  in  computer 
memory,  but  also  reflects  greatly  increased  computational  speeds.  Problems  that  previously 
could  only  be  attempted  on  large  supercomputers  at  very  few  institutions  can  now  be  done 
on  readily  obtainable  workstations.  Similarly,  there  have  been  changes  in  our  expectations 
of  computing  for  chemically  reacting  flows.  Fifteen  years  ago  we  could  regularly  do  a  one¬ 
dimensional  calculation  with  a  full  chemical  reaction  model  for  hydrogen  combustion.  Today, 
we  can  almost  regularly  do  the  same  computation  in  two  dimensions. 

A  graph  of  the  advances  in  computer  speed  and  memory  as  a  function  of  year  [1]  appears  as 
a  straight  line  on  a  semi-log  scale,  indicating  that  the  computer  power  and  memory  available 
seems  to  be  going  up  exponentially.  This  is  due  to  a  series  of  innovations,  not  one  new 
development.  The  straight  line  is  the  result  of  the  superposition  of  a  series  of  curves,  each 
reaching  a  peak  and  then  leveling  off.  Each  partial  curve  represents  the  introduction  of  a 
new  technology.  For  example,  early  breakthroughs  have  included  going  from  vacuum  tubes 
to  transistors  and  from  magnetic  cores  to  semiconductor  memory.  More  recently,  we  have 
gone  from  scalar  to  vector  architectures,  and  now  from  serial  to  parallel  computing.  Such  a 
curve  is  typical  of  the  growth  of  an  enabling  technology,  which  here  is  the  high-performance 
computer.  The  time-dependent  change  is  necessarily  short  term,  and  slows  down  at  some 
point.  The  leveling  occurs  because  the  particular  technology  that  allowed  the  growth  becomes 
too  expensive  and  time-consuming  to  improve.  The  result  is  the  series  of  piecewise  logistic 
curves.  One  rather  frightening  feature  of  this  type  of  analysis  is  that  in  order  to  continue  to 
grow,  and  not  stagnate,  we  constantly  need  new  technologies. 

There  has  been  much  said  and  written  on  the  chsuacteristics  of  currently  available  large-scale 
computers,  and,  in  particular,  on  vector  and  parallel  supercomputers.  Their  availability  and 
capabilities,  and  their  manufacturers,  are  in  constant  flux.  The  most  powerful  computers  gen¬ 
erally  use  the  same  types  of  computer  chips  that  are  in  the  most  powerful  workstations.  Issues 
in  parallel  computing  are  whether  the  computer  memory  is  global  or  distributed,  whether  codes 
are  portable  from  one  type  of  machine  to  another,  whether  computations  scale  well  from  a  few 
processors  to  many  processors,  and  how  data  is  communicated  among  processors.  Figure  1 
gives  the  information  on  current  computers,  and  also  shows  some  of  the  limits  on  comput¬ 
ing.  Computer  speeds  are  given  in  units  of  Mflops  (megaflop,  or  millions  of  floating  point 
operations  per  second),  and  the  computers  are  shown  in  terms  of  their  maximum  number 
of  processors.  The  current  goal  is  a  teraflop  or  larger  computer,  which,  as  shown  with  the 
proposed  T3E,  could  be  achieved  if  enough  fast  processors  are  combined. 
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Figure  1.  Speed  of  a  component  processor  (Mfiops),  as  a  function  of  the  maximum  number  of 
processors  available  in  the  largest  configuration  of  currently  available  or  projected  massively 
parallel  supercomputers. 

New  advances  in  computers,  and  particularly  in  computer  architectures,  have  made  a  sig¬ 
nificant  contribution  to  computation  of  chemically  reacting  flows.  The  improvements  are 
impressive,  as  we  show  later.  Part  of  this  development  has  come  through  the  straightforward 
application  of  veirious  existing  algorithms,  and  some  has  come  from  new  procedures  that  com¬ 
bine  the  standard  algorithms  with  specific  features  of  the  new  architectures.  Future  advances 
could  also  come  from  simultaneously  combining  different  kinds  of  computers,  each  of  which  is 
best  suited  for  a  different  kind  of  operation,  an  approach  called  heterogeneous  computing. 

CELLULAR  STRUCTURE  OF  GAS-PHASE  DETONATIONS 

It  has  become  well  known  in  the  last  twenty  years  that  the  front  of  a  self-sustained  gas- 
phase  detonation  propagating  in  an  energetic  gas  is  not  uniform  and  planar.  Its  structure  is 
complex  and  multidimensional,  involving  interactions  between  incident  shocks,  Mach  stems, 
transverse  waves,  and  boundaries  of  the  regions  through  which  the  detonation  is  moving.  The 
triple  points,  formed  at  the  intersection  of  the  transverse  wave  with  the  Mach  stem  and  the 
incident  shock,  trace  out  patterns  called  detonation  cells.  These  structures  may  be  obscured 
for  certcdn  material  conditions  or  if  the  detonation  is  heavily  overdriven,  but  they  seem  to  occur 
consistently  in  self-sustained  gas-phase  detonations.  Extensive  experimental  data  show  that 
the  size  and  regularity  of  this  cellular  structure  is  characteristic  of  the  particular  combination 
of  initial  material  conditions,  such  as  composition,  density  and  pressure. 

There  are  two  major  contributing  physical  processes  in  gas-phase  detonations  -  chemical  re¬ 
actions  with  local  energy  release  and  compressible  fluid  dynamics  -  that  need  to  be  coupled  to 
represent  a  detonation.  To  first  approximation,  the  various  physical  diffusion  processes  may 
be  neglected  in  regions  of  the  detonation  far  from  bounding  walls.  However,  the  apparent  sim¬ 
plicity  disappears  and  the  subject  becomes  infinitely  more  complex  and  dramatic  when  multi¬ 
dimensional  fluid  interactions,  multispecies,  multistep  chemical  kinetics,  or  nonideal  equations 
of  state  must  be  considered.  Because  of  the  apparent  simplicity  of  the  contributing  physical 
processes,  there  have  been  extensive  efforts  in  recent  years  to  simulate  detonation  structure. 
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Detonation  simulations  have  advanced  in  complexity  as  computer  r^ources  have  become  avail¬ 
able  and  as  our  understanding  of  the  phenomena  expanded.  Ten  years  ago,  we  could,  with 
great  effort,  perform  a  computation  of  a  two-dimensional  detonation  with  a  rather  simplified 
parametric  chemistry  model.  Now,  with  relatively  less  effort,  we  can  perform  this  computation 
with  a  full,  detailed,  multispecies  chemical  model,  with  orders  of  magnitude  better  resolution 
on  a  much  larger  computational  domain.  Figures  2  and  3  are  part  of  a  simulation  describing 
the  development  and  propagation  of  a  detonation  in  a  low-pressure,  mixture  of  hydrogen  and 
oxygen  heavily  diluted  with  argon.  [2,3].  This  type  of  mixture  has  become  fairly  standard 
for  studies  of  detonations  because  it  displays  a  regular,  repeating  structure  and  the  chemical 
model  is  fairly  well  known.  The  computation  was  initiated  by  computing  the  properties  of  a 
highly  resolved,  detailed  one- dimensional  detonation,  using  a  detailed  hydrogen-oxygen  chem¬ 
ical  reaction  scheme,  placing  it  onto  a  two-dimensional  grid,  and  perturbing  the  solution  in  the 
transverse  direction.  The  solution  evolves  into  a  propagating  multidimensionsd  detonation. 

Figure  2  shows  contours  of  pressure,  streamwise  velocity,  and  specific  energy  release  for  the 
entire  computational  grid  after  24000  timesteps.  The  notable  features  of  these  figures  are  the 
propagation  of  the  rarefaction  wave  from  the  left  endwall  into  the  wake  of  the  detonation, 
the  downstream  propagation  of  the  weak  transverse  waves,  the  presence  of  embedded  jets 
that  result  firom  the  re-ignition  of  the  detonation  at  the  collision  of  two  triple  points,  and 
the  formation  of  large  eddies  due  to  slip-line  interactions.  The  location  of  the  detonation 
front  as  a  function  of  time  was  used  to  give  the  average  computed  velocity  of  the  detonation 
wave.  The  average  computed  detonation  velocity  is  1625  m/s,  which  agrees  well  with  the 
Chapman-Jouguet  velocity  [Dcj)  of  1618  m/s  predicted  by  a  standard  equilibrium  model. 
The  instantaneous  velocity  ranged  from  1.38  Dcj  to  0.85  Dcj^  showing  the  effects  of  the 
time- varying  detonation  rate  due  to  changes  in  the  local  structure  of  the  detonation  front. 

The  energy  release  is  due  to  chemical  reactions  behind  the  shock  front.  Figure  3  shows 
the  time  history  of  the  triple  points,  which  gives  a  regular,  cellular  pattern  similar  to  thc^e 
observed  in  previous  simulations  and  experiments.  In  addition  to  the  primary  energy  release 
behind  the  Mach  stem,  near  the  trip  point,  the  figure  shows  a  secondary  energy  release  inside 
the  detonation  cell.  The  secondary  energy  release  is  due  to  transverse  wave  detonations,  as 
observed  in  the  experiments  of  marginal  detonations. 

One  innovative  featiue  of  these  computations  is  the  approach  to  implementing  the  chemical 
reaction  algorithm  on  the  massively  parallel  computer.  In  the  paradigm  used  here,  each 
processor  can  be  thought  of  as  a  computational  cell,  or  divided  into  2”  “virtual”  computational 
cells,  when  n  >  1.  If  chemical  reactions  occur  in  the  material  in  a  computational  cell,  the 
integration  naturally  occurs  within  the  processor  associated  with  that  computational  cell. 
There  is  no  problem  when  there  are  chemical  reactions  occurring  in  all  computational  cells: 
then  all  of  the  cells  are  simultaneously  working  and  the  procedure  is  very  efficient.  When 
little  or  no  chemical  reactions  occurs  in  many  cells,  processors  are  idle  and  the  computation 
is  extremely  inefficient.  In  the  case  of  the  propagating  detonation,  most  of  the  reaction  occur 
in  relatively  few  computational  cells,  near  the  propagating  front  in  the  reaction  zone.  In  front 
of  the  detonation,  there  are  no  reactions;  far  enough  behind  the  detonation,  the  reactions  are 
complete.  For  this  kind  of  calculation,  straightforward  application  of  the  algorithms  leads  to 
very  inefficient  calculations. 

The  solution  to  this  problem  is  to  find  ways  of  improving  the  processor  load  balancing.  In 
the  detonation  problem,  the  approach  has  been  to  develop  a  way  to  scatter  the  work  of  the 
integration  onto  all  of  the  processors,  then  gather  it  bade  to  its  appropriate  place.  This 
minimizes  the  time  when  any  are  idle  and  less  work  is  done  in  each  processor.  Figure  4  shows 
that,  using  this  approach,  the  ratio  of  computer  time  required  for  integration  of  the  chemical 
reactions  to  the  time  required  to  compute  the  convective  transport,  Tchem/T'convj  has  been 
reduced  to  less  than  one  [4].  this  opens  up  tremendous  possibilities  for  detailed  reactive-flow 
computations. 
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Figiire  2.  Instantaneous  flow  field  of  a  detonation  propagating  (from  left  to  right)  in  a  mixture 
of  H2:02:Ar/2:l:7,  298  K  and  6.67  kPam  in  a  channel  6  cm  in  height.  Computations  performed 
with  a  fully  parallelized  code  on  a  the  CM-5  [2,3]. 
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Figure  3.  Energy  release  contours  showing  cellular  pattern  [2,3J,  taken  trom  the  evolution  of 
the  detonation  shown  in  Figure  2. 
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Figure  4.  The  importance  of  load  balancing  the  chemical  integration  is  shown  by  the  reduc¬ 
tion  of  the  successful  ratio  of  the  chemical  to  convection  times  required  in  the  course  of  the 
detonation  calculation  shown  in  Figures  2  and  3  [4]. 


NUCLEAR  DETONATIONS  IN  SUPERNOVAE 

Type  la  supernovae,  believed  to  be  explosions  of  white  dwarf  stars,  are  the  brightest  and  most 
frequent  type  of  supernovae  observed.  A  single  explosion  releases  approximately  10^^  ergs  of 
energy  into  the  interstellar  medium,  and  these  explosions  are  the  major  source  of  all  iron- 
group  elements  formed  in  the  universe.  Since  they  are  the  brightest  known  stellar  objects, 
they  are  used  to  estimate  the  age,  size,  and  curvature  of  the  universe  by  comparing  their 
intrinsic  luminosity  to  their  apparent  brightness. 

Typical  densities  and  temperatures  in  a  supernova  are  p  10®— 10^®  g/cc  and  T 

respectively.  Under  these  conditions,  matter  is  fully  ionized  and  composed  of  ideal  Fermi- 
Dirac  gases  of  electrons  and  positrons,  equilibrium  Planck  radiation,  and  practically  ideal 
Boltzmann  gases  of  ions.  Thermonuclear  burning  in  supernovae  involves  many  reactions  of 
nuclei  from  hydrogen  to  zinc.  The  main  reaction  in  the  explosion  is  which  produces 

oxygen  and  releases  ~  50%  of  the  available  nuclear  energy.  The  remaining  energy  is  released 
by  a  subsequent  compUcated  reaction  chain  that  produces  nuclei  from  carbon  to  nickel  with 
protons,  neutrons  and  a-particles. 

Even  though  the  absolute  values  of  physical  quantities  and  the  nature  of  the  reactions  are  so 
different  between  explosions  in  terrestrial  gases  and  supernovae,  many  common  or  analogous 
physical  mechanisms  control  the  processes.  Burning  starts  near  the  dense  center  of  the  star 
at  zero  gravity.  As  the  flame  burns  and  the  star  expands,  it  is  distorted  by  hydrodynamic 
instabilities,  and  then  propagates  outward  into  a  regime  with  higher  gravity  and  lower  densities 
and  temperatures.  At  the  radius  where  the  Rayleigh-Taylor  instability  begins  to  dominate, 
the  flame  becomes  a  turbulent  deflagration  [Khokhlov,  1995]. 

The  subsequent  behavior  is  the  subject  of  active  study  because  there  are  several  possibilities 
after  the  deflagration  forms.  First,  the  turbulent  deflagration  could  be  strong  enough  to  burn 
through  and  release  enough  energy  to  unbind  the  star.  Another  possibility  is  the  transition 
of  the  deflagration  to  a  detonation,  which  continues  the  energy  release  process  in  the  mate- 
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rial.  However,  it  now  appears  most  likely  that  the  deflagration  is  quenched  as  it  moves  into 
less  reactive,  expanding  outer  material.  In  this  case,  the  star  will  eventually  implode  in  a 
recompression  phase.  During  this  phase,  the  unreacted  material  wiU  detonate  [6]. 

In  some  ways,  numerically  simulating  a  supernova  blast  is  less  difficult  than  any  but  the 
most  idealized  terrestrial  combustion  systems.  At  the  energies  of  supernovae,  many  of  the 
nuclear  reactions  have  been  directly  measured  in  accelerator  experiments,  and  reasonably 
good  theories  calibrated  by  experiments  exist  for  those  reactions  that  have  not  been  measured 
directly.  It  is  safe  to  say  that  all  key  reactions  determining  the  energy  release  and  produc¬ 
tion  of  major  nuclear  species  during  the  explosion  are  known  to  within  a  factor  of  two  or 
better.  The  typical  dependence  of  nuclear  reaction  rates  on  temperature  is  ~  exp(~Q/r) 
or  cii  exp(— This  exponential  temperature  dependence  of  nuclear  reactions  makes 
them  qualitatively  similar  to  terrestrial  chemical  reactions,  though  the  typical  nuclear  burn¬ 
ing  time  scales,  ~  10“^  —  10“^^  s,  are  much  shorter.  The  equation  of  state  has  a  simple  form, 
P  =  (7  — 1)£^  with  7  1.3 1.6,  and  is  known  with  accuracy  better  than  1%.  There  is  thermal 

conduction  which  is  well  known,  but  there  are  no  molecular  diffusion  effects  (Le  =  00). 

The  difficulty  is  that  the  disparities  in  scales  are  even  larger  than  in  terrestrial  problems.  The 
radius  of  an  unexploded  white  dwarf,  is  ~  2  x  10®  cm,  which  is  much  larger  than  any  terrestrial 
combustion  apparatus.  (This  expands  during  the  burning  phase  to  10^  cm.)  Depending 
on  the  density,  the  thickness  of  a  laminar  nuclear  flame  in  a  carbon-oxygen  white  dwarf  is 
~  10“®  —  10  cm,  and  the  thickness  of  the  carbon  detonation  front  is  about  one  himdred  times 
larger,  ~  10“^  —  10®  cm.  These  are  comparable  with  the  thickness  of  gas-phase  terrestrial 
combustion  processes.  Ratios  of  temperature,  density,  and  pressure  across  these  fronts  are 
comparable  to  those  in  terrestrial  combustion  systems.  Any  theory  of  supernovae  explosions 
must  be  consistent  with  the  observed  spectra  and  their  veuiations  with  time. 

Recent  numerical  simulations  have  examined  some  of  the  fundamental  properties  of  the  propa¬ 
gation  of  flames  and  detonations  in  Type  la  supernovae,  and  other  simulations  have  attempted 
to  model  the  complete  explosion  process.  Figure  5  is  taken  from  a  series  of  computations  that 
investigate  the  manner  in  which  multidimensional  detonations  propagate  through  supernovae 
material  at  various  densities.  As  the  reaction  proceeds  through  the  material,  the  original 
carbon  material  burns  out  [7].  The  irregularity  of  the  structure  at  the  front  shows  that  a 
somewhat  regular  cellular  structures  forms,  and  that  the  transverse  waves  cut  off  large  pock¬ 
ets  of  unburned  material  that  appear  to  persist  for  some  time  in  the  flows.  This  work  is  the 
first  demonstration  that  thermonuclear  material  supports  detonation  cells. 

DETONATIONS  IN  CONDENSED  PHASE  EXPLOSIVES 

Detonations  in  gases,  liquids,  and  solids  are  usually  modeled  by  fluid  models  with  appropriate 
modification  for  differences  such  as  the  equations  of  state  and  elastic-plastic  effects.  There 
are,  however,  important  differences  between  the  fluid  and  solid  states  which  indicate  that  the 
mechanisms  of  heat  transfer  and  shock- wave  propagation  may  be  very  different.  In  a  fluid, 
heat  transfer  occurs  by  collisions  between  the  molecules,  while  in  a  nonconducting  solid,  heat 
propagates  as  vibrational  motions  of  the  crystal  lattice.  In  a  solid,  the  intermolecular  inter¬ 
actions  that  play  a  large  role  in  shock- wave  propagation  are  more  coherent.  The  importance 
of  these  differences  between  fluids  and  solids  is  suggested  by  crystallographic  studies  which 
indicate  that  specific  structural  characteristics,  perhaps  structural  inhomogeneities,  may  be 
required  for  a  detonation  to  propagate  in  a  solid. 

There  is  a  major  difference  in  the  spatial  scales  of  detonations  in  the  condensed  and  gas  phases. 
The  width  of  a  shock  front  in  a  condensed  phase  is  of  the  order  of  a  few  atomic  distances.  The 
important  scales  of  a  condensed-phase  detonation  are  on  scales  from  a  few  crystallographic  unit 
cells  to  microns.  Such  microscopic  phenomena  might  be  represented  in  a  molecular  dynamics 
calculation,  in  which  atoms,  molecules,  or  molecular  clusters  are  treated  as  particles  which 
interact  according  to  specified  potentials.  Then  given  the  interaction  potential,  the  particles 
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Figure  5.  Computation  of  the  instantaneous  contours  of  carbon  mass  fraction  destroyed  by  a 
thermonuclear  detonation  in  supernova  material  at  3  x  10^  g/cc  [7]. 


are  allowed  to  interact  according  to  Newtonian  dynamics,  constrained  by  initial  and  boimdary 
conditions.  If  many  particles  are  included  or  the  interaction  is  complex,  the  problem  becomes 
extremely  computer- intensive.  It  has  generally  been  found  that  this  approach  provides  insight 
into  the  manybody  dynamics  of  very  different  types  of  systems,  ranging  from  condensation 
phenomena  in  cryogenic  materials  to  the  behavior  of  proteins  in  solution. 

The  application  of  molecular  dynamics  to  solid-phase  detonations  is  extremely  computer  in¬ 
tensive.  A  microscopic  study  of  detonation  structure  has  to  consider:  the  effects  of  the  lattice 
geometry,  including  the  unit  cell  structure  and  interparticle  bond  strength;  the  muitidimen- 
sionality  of  the  system;  the  interaction  between  the  different  regions  that  make  up  a  detonation 
wave;  the  characteristic  response  time  of  potentially  dissociative  molecules  subjected  to  stress 
fields  in  a  lattice;  and  the  chemistry  of  the  reaction  path  from  reactants  to  products.  To 
produce  really  quantitative  results  from  molecular  dynamics  would  thus  require  input  in¬ 
formation  that  in  not  likely  to  be  available  for  complex  explosive  molecules,  and  computer 
resources  which  at  best  may  be  available  in  the  middle  of  the  next  century. 

As  a  consequence,  this  field  has  proceeded  more  along  the  lines  of  physics  than  engineering: 
simphfied  models  have  been  proposed  for  molecular  structures  and  interactions,  based  on  real 
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Figure  6..  Results  of  two-dimensional  Molecular  dynamics  computations  of  the  effects  of  im¬ 
purities  compared  to  a  vacancy  in  a  stable  hexagonal  lattice  [11,12].  The  quantity  E  is  a 
disruption  factor.  The  masses  of  the  impurities  tested  are  normalized  to  one. 


and  proposed  concepts  for  the  input  data,  and  small  systems  have  been  examined,  often  with 
shortened  length  and  time  scales.  These  imphysical  modifications  are  done  in  the  behef  that 
useful  information  comes  from  studying  the  dynamics  of  a  very  small  sample  of  the  material. 
This  is  all  done  with  the  knowledge  that  we  would  expect  quite  different  quantitative  results 
from  those  of  real  macroscopic  explosive  samples. 

For  example,  the  first  computations  that  used  molecular  dynamics  to  study  detonation  in 
solids,  investigated  a  two-dimensional  monatomic  crystal  consisting  of  atoms  bound  to  each 
other  by  a  predissociative  exothermic  potential  [8] .  They  found  that  the  widths  of  the  induc¬ 
tion  zone  and  of  the  shock  front  may  be  of  the  order  of  a  few  unit  cells.  Subsequent  studies, 
for  example,  investigated  the  coherence  of  a  multidimensional  lattice  consisting  of  essentially 
diatomic  molecules  [9,10].  Their  idea  was  to  represent  crystalline  nitromethane  as  a  CH3 
group  and  an  NO2  group,  and  bond-breaking  would  involve  splitting  the  C— N  bond  under 
the  right  circumstances.  This  model,  which  attempted  to  use  physically  correct  parameters 
for  crystal  nitromethane,  produced  interesting  information  about  detonation  propagation  and 
crystal  motions. 

One  important  experimental  observation  is  that  that  there  may  be  a  significant  variation  in  the 
response  of  a  series  of  explosive  samples  to  what  appears  to  be  the  same  macroscopic  impulse. 
For  example,  in  an  experiment  in  which  crystals  are  detonated  by  mechanical  impact,  a  wide 
range  of  impact  energies  might  be  necessary  to  detonate  what  seem  to  be  identical  samples 
of  material.  A  possible  explanation  for  this  might  be  some  uncontrolled  variation  in  the 
experimental  conditions,  presenting  different  samples  with  an  unknown  variation  in  initial 
conditions.  Another  explanation  might  lie  in  the  material  itself.  A  sofid  is  characterized 
not  only  by  its  chemical  composition  and  its  thermodynamic  state,  but  also  by  its  particular 
crystal  structure. 

More  recent  studies  have  examined  the  effects  of  inhomogeneities  on  the  multidimensional 
structure  of  model  crystal  lattices.  Two-dimensional  simulations  have  shown  the  strong  ef¬ 
fects  of  inhomogeneities  on  initiating  and  strengthening  a  detonation.  One  interesting  result, 
summarized  in  Figure  6,  shows  that  in  a  stable,  shocked,  two-dimensional  lattice,  a  void  has  a 
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much  stronger  effect  than  any  impurity  of  finite  mass.  [11,12]-  Subsequent  computations  of  the 
effects  of  a  void  in  a  three-dimensional  nitromethane  lattice  showed  how  a  void  might  enhance 
the  shock  sensitivity  of  a  single  crystal  of  energetic  material  [13].  As  the  shock  passes,  the 
bonds  between  molecules  on  the  void  boundary  interact  with  the  shock  and  to  form  a  dense, 
hot,  liquid  phase.  The  presence  of  the  defect  then  increases  the  reaction  rate,  which  in  turn 
leads  to  the  temperature  increase  that  form  this  hot  spot.  Such  hot  spots  might  reenforce  the 
strength  of  shocks  whose  strength  is  on  the  borderline  of  being  able  to  initiate  a  detonation. 

A  fundamental  inconsistency  in  simulation  and  experiments  of  solid-phase  detonations  is  the 
experimental  evidence  that  a  detonation  cannot  propxagate  in  a  single  crystal  without  inho¬ 
mogeneities.  Furthermore,  the  required  inhomogeneities  might  have  to  be  on  a  mesoscale 
of  crystalline  grains,  and  not  on  the  microscale  generally  modeled  by  molecular  dynamics. 
However,  most  molecular  dynamics  simulations  have  been  able  to  initiate  and  propagate  det¬ 
onations  in  lattices  with  no  inhomogeneities.  There  are  several  reasons  for  this  apparent 
disagreement.  First,  the  molecular  dynamics  models  are  simplistic  in  the  way  they  model  the 
lattice  and  molecular  interactions.  It  is  possible  the  more  complex  molecules  and  a  better 
representation  of  energy-transfer  in  the  lattice  is  required.  Another  problem  may  be  of  size. 
Possibly  if  the  full  size  of  the  sample  could  be  modeled,  other  hydrodynamic  effects  would 
appear  that  would  affect  the  system. 

A  PRACTICAL  APPLICATION  OF  SHOCK  AND  DETONATION  PHYSICS 

During  the  Cold  War,  over  nine  milHon  tons  of  conventional  propellants,  explosives  and  mu¬ 
nitions,  and  pyrotechnic  materials  accumulated  in  the  United  States  and  Europe,  including 
the  Former  Soviet  Union.  Now  we  are  faced  with  eliminating  large  inventories  of  unneeded 
or  unserviceable  energetic  materials  in  an  environmentally  soimd  manner.  For  example,  the 
United  States  alone  has  over  450,000  tons  in  its  “demil  inventory”  which  is  increasing  at  the 
rate  of  40,000  to  50,000  tons  per  year.  The  three  methods  of  disposing  of  the  surplus  energetic 
materials  are:  incineration;  disassembly,  recovery  and  recycling  (DRC);  and  open-air  burning 
or  detonation  (OB,OD).  Although  incineration  and  DRC  are  the  environmentally  preferred 
methods  of  disposal,  they  cannot  presently  be  xised  on  all  of  the  items  in  the  inventory,  and  for 
this  reason,  OB  and  OD  remain  an  integral  part  of  all  energetic  materials  disposal  programs. 

However,  in  the  United  States,  the  disposal  of  energetic  materials  by  OB  and  OD  is  very 
restricted.  In  some  states,  it  is  prohibited  because  of  concerns  about:  (1)  the  degree  to  which 
they  convert  the  materials  into  innocuous  chemicals;  (2)  the  toxicities  and  dispersion  in  the 
environment  of  the  ash,  soil,  and  chemical  pollutants  released;  and  (3)  the  impact  of  the  blast 
waves  and  sound  waves  released.  These  restrictions  and  prohibitions  have  contributed  to  the 
increase  in  the  demil  inventory. 

To  address  the  above  concerns,  the  United  States  Army,  Navy  and  Environmental  Protection 
Agency  are  cooperating  in  an  effort  to  use  computational  and  experimental  methods  to  identify 
and  quantify  the  emission  products  released  by  OB  and  OD  activiti^  [14,15].  These  products 
must  be  evaluated  as  a  function  of  such  variables  as:  type  and  quantity  of  energetic  material, 
stacking  configuration,  site  geology  and  meteorology,  and  pollutant  and  noise  reduction  pro¬ 
cedures.  The  objectives  are  to:  (1)  obtain  a  quantitative  understanding  of  the  chemical  and 
physical  processes  which  occur  when  energetic  materials  are  destroyed  by  OB  and  OD;  (2) 
combine  this  information  with  that  from  previous  studies  to  develop  methods  that  minimize 
and  control  the  noise,  heat,  shrapnel,  blast  wave  and  toxic  inorganic  and  organic  compounds 
released  by  OB  and  OD  activities;  and  (3)  improve  the  environmental  safety  of  OB  and  OD 
activities. 

To  this  end  we  have  been  developing  a  large-scale  OB/ OD  facility  that  would  take  advantage  of 
carefully  designed  partial  confinement  of  the  blast,  and  would  flash  incinerate  large  quantities 
of  explosive.  Several  designs  have  been  evaluated  hy  a  series  of  simulations  using  the  FAST3D 
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Figure  7.  Planes  showing  computations  of  instantaneous  contours  of  pressure  for  a  proposed 
open-air  detonation  facility.  Left  figure:  vertical  plane  through  the  center.  Right  figure: 
horizontal  slice  through  a  center  plane. 


reactive  flow  code.  This  is  a  time- dependent,  multiphase  reactive-flow  code  based  on  the  flux- 
corrected  transport  (FCT)  algorithm  for  convective  transport  and  a  generalized,  caUbrated 
induction  parameter  model  (GIPM)  to  represent  chemical  energy  release,  species  conversion, 
and  post  explosion  afterburn  of  potential  pollutants.  To  date,  the  geometries  considered  have 
been  either  octagonal  or  circular  configurations,  with  variable-sized  openings  to  the  outside. 

Figure  7  shows  a  preliminary  design  of  an  octagonal  explosion  facility  that  would  take  a  series 
of  shots  of  from  50  to  300  lbs  of  explosive.  The  computation  is  initialized  with  a  300  lb 
spherical  charge  centered  3  m  above  the  ground.  The  simulation  uses  an  80  x  80  x  80  grid  to 
simulate  one  quarter  of  the  facility,  so  that  the  uniform  grid  consists  of  cubes  15  cm  on  a  side. 
Pressure  contours  are  shown  at  10  ms  for  one  vertical  and  one  horizontal  plane.  At  this  time, 
the  initial  blast  has  reflected  from  the  sidewalls  and  refocused,  as  shown  in  the  horizontal 
contour  map.  The  vertical  contour  map  shows  that  the  blast  has  left  the  facility  and  is  in  the 
outside  atmosphere.  At  10  ms,  the  maximum  pressure  in  the  chamber  is  just  over  13  atm, 
having  decayed  from  an  initial  high  of  thousands  of  atm. 

The  computations  have  been  used  to  determined  the  optimal  sizes  and  placements  of  the 
explosive  charge  and  to  evaluate  the  loading  on  the  walls  of  the  structure.  This  loading  is 
being  evaluated  to  determine  the  types  and  the  strengths  of  the  materials  necessary  to  build 
this  reusable  facility.  The  use  of  partial  confinement  by  water  cover  placed  on  the  outside 
vent  (a  water  bag)  is  being  investigated  as  a  way  to  absorb  pollutants  and  particles  and  to 
mitigate  some  of  the  problenas  of  noise  propagation. 

Of  particular  interest  are  the  time-histories  of  the  temperature  and  flow  fields  in  the  faciUty. 
The  facihty  must  be  designed  so  that  the  temperatures  can  be  kept  high  enough  for  a  long 
period  of  time  to  decompose  the  resulting  harmful  materials.  The  flow  fields  must  ensure 
rapid  mixing  of  explosion  byproducts  with  the  ambient  (possibly  enriched)  air  in  the  facility 
to  ensure  efficient  afterburn.  Such  partial  confinement  is  expected  to  produce  sufficiently  high 
internal  temperature  profiles,  so  that  the  facility  could,  in  principle,  be  used  to  eliminate  other 
types  of  harmful  materials  such  as  chemical  weapons. 
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The  current  work  involves  combining  the  results  of  the  FAST3D  computations  and  a  structural 
analysis  to  design  a  prototype,  scaled  facility  than  will  be  tested  at  Dugway  Proving  Ground 
during  the  summer  of  1996. 
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SOME  DYNAMICS  OF  ACOUSTIC  OSCILLATIONS 
WITH  NONLINEAR  COMBUSTION  AND  NOISE 


V.  S.  Burnley^  F.  E.  C.  Culick^ 

^U.  S.  Air  Force  Phillips  Laboratory;  ^California  Institute  of  Technology 


ABSTRACT;  The  results  given  in  this  paper  constitute  a  continuation  of  progress  with  nonlinear 
analysis  of  coherent  oscillations  in  combustion  chambers.  We  are  currently  focusing  attention 
on  two  general  problems  of  nonlinear  behavior  important  to  practical  applications:  the  condi¬ 
tions  under  which  a  linearly  unstable  system  will  execute  stable  periodic  limit  cycles;  and  the 
conditions  under  which  a  linearly  stable  system  is  unstable  to  a  sufficiently  large  disturbance. 
The  first  of  these  is  often  called  ‘soft’  excitation,  or  supercritical  bifurcation;  the  second  is  called 
‘hard’  excitation,  ‘triggering,’  or  subcritical  bifurcation  and  is  the  focus  of  this  paper.  Previous 
works  extending  over  more  than  a  decade  have  established  beyond  serious  doubt  (although  no 
formal  proof  exists)  that  nonlinear  gasdynamics  alone  does  not  contain  subcritical  bifurcations. 
The  present  work  has  shown  that  nonlinear  combustion  alone  also  does  not  contain  subcritical 
bifurcations,  but  the  combination  of  nonlinear  gasdynamics  and  combustion  does.  Some  exam¬ 
ples  are  given  for  simple  models  of  nonlinear  combustion  of  a  solid  propellant  but  the  broad 
conclusion  just  mentioned  is  valid  for  any  combustion  system. 

Although  flows  in  combustors  contain  considerable  noise,  arising  from  several  kinds  of  sources, 
there  is  sound  basis  for  treating  organized  oscillations  as  distinct  motions.  That  has  been 
an  essential  assumption  incorporated  in  virtually  all  treatments  of  combustion  instabilities. 
However,  certain  characteristics  of  the  organized  or  deterministic  motions  seem  to  have  the 
nature  of  stochastic  processes.  For  example,  the  amplitudes  in  limit  cycles  always  exhibit  a 
random  character  and  even  the  occurrence  of  instabilities  seems  occasionally  to  possess  some 
statistical  features.  Analysis  of  nonlinear  coherent  motions  in  the  presence  of  stochastic  sources 
is  therefore  an  important  part  of  the  theory.  We  report  here  a  few  results  of  power  spectral 
densities  of  acoustic  amplitudes  in  the  presence  of  a  subcritical  bifurcation  associated  with 
nonlinear  combustion  and  gasdynamics. 


Symbol 

d 

/ 

Fn 

r 

F(u) 

h 


NOMENCLATURE 

Description 
speed  of  sound 

function  defined  with  Eq.  (1.2) 

forcing  function  defined  in  Eqs.  (1.5)  and  (1.6) 

defined  in  Eq.  (2.1) 

defined  in  Eq.  (2.3) 

function  defined  with  Eq.  (1.1) 
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wavenumber  of  mode 
pressure-dependent  mass  flux,  Eq.  (2.3) 
unit  outward  normal  vector 
pressure  fluctuation 
defined  in  Eq.  (2.1) 

magnitude  of  the  time-dependent  amplitude  77n(^) 
constant  defined  in  Eq.  (2.3) 
entropy  fluctuation 
velocity  fluctuation 
threshold  velocity  (Figures  2  and  3) 

linear  growth  rate  of  mode 
time-dependent  amplitude  of  mode 
density  fluctuation 
linear  frequency  shift  of  mode 
phase  of  the  time-dependent  amplitude  7y„(f) 
mode-shape  of  mode 
frequency  of  mode 
vorticity  fluctuation 

acoustic  waves 
entropy  waves 
vorticity  waves 

1  INTRODUCTION 

Coherent  oscillations  have  been  a  constant  problem  in  the  design  of  combustion  systems.  There 
are  two  general  types  of  oscillations  which  are  commonly  found  in  combustion  chambers:  spon¬ 
taneous  oscillations  and  pulsed  oscillations.  A  spontaneous  oscillation  occurs  when  the  system 
is  linearly  unstable.  As  a  result,  any  perturbation  of  the  system  grows  exponentially  in  time. 
Under  the  influence  of  nonlinear  effects,  the  pressure  field  may  reach  a  periodic  motion,  or  limit 
cycle.  This  type  of  instability  is  also  known  as  an  intrinsic  instability  or  a  soft  excitation.  In 
the  field  of  dynamical  systems,  the  change  of  behavior  from  linearly  stable  to  linearly  unstable 
is  called  a  supercritical  bifurcation.  The  problem  of  linear  instability  has  been  widely  treated 
and  will  not  covered  in  this  paper. 

A  pulsed  oscillation,  on  the  other  hand,  is  a  true  nonlinear  instability  of  a  linearly  stable  system. 
Small  perturbations  in  the  pressure  field  decay  exponentially  to  zero,  while  larger  perturbations 
may  lead  to  stable  or  unstable  periodic  motions.  Common  terminology  used  to  describe  this 
type  of  oscillation  includes  triggered  instability,  hard  excitation,  and  subcritical  bifurcation.  In 
the  field  of  combustion  instabilities,  Sirignano  and  Crocco^’^  were  the  first  to  examine  pulsed  os¬ 
cillations  using  the  method  of  characteristics  and  the  n  —  r  model  for  the  combustion  dynamics. 
However,  the  calculations  were  quite  complex  and  restrictive  approximations  were  required  in 
order  to  obtain  results.  No  zissessment  was  made  as  to  the  consequences  of  using  these  approxi¬ 
mations.  For  several  reasons,  then,  it  is  impossible  to  determine  the  general  applicability  of  these 
results.  Moreover,  it  is  not  possible  to  determine  whether  or  not  the  pulsed  oscillations  were 
stable  or  unstable.  Zinn  and  his  students.^"^  also  studied  pulsed  oscillations  in  liquid  propellant 
rocket  motors  using  many  of  the  same  approximations  used  by  Sirignano  and  Crocco  (notably 
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the  combustion  model).  As  a  result,  those  investigations  suffer  from  the  same  shortcomings  as 
the  earlier  works. 


In  the  current  study,  we  are  primarily  interested  in  the  conditions  under  which  stable  pulsed 
oscillations  can  occur.  We  base  the  analysis  on  an  approximate  formulation  which  was  developed 
over  two  decades  ago  by  Culick.®  The  formulation  has  been  covered  in  many  other  works,  so 
only  a  brief  overview  of  the  method  is  presented  here;  for  more  details,  see,  e.g.,  the  review  by 
Culick.®  The  numerical  calculations  consist  in  applying  a  continuative  method  such  that  the 
results  are  guaranteed  to  represent  stable  limit  cycles. 


In  order  to  keep  the  analysis  as  general  as  possible,  the  formulation  begins  with  the  conservation 
equations  for  two-phase  flow.  These  equations  are  then  rewritten  into  an  equivalent  form  for 
a  single  medium  having  the  mass-averaged  properties  of  the  two  phases.  Subsequently,  a  wave 
equation  for  the  pressure  is  developed,  along  with  the  corresponding  boundary  condition. 


w-iS.i. 


(1.1) 

(1.2) 


The  functions  h  and  /  are  linear  and  nonlinear  functions  of  the  pressure  and  velocity  perturba¬ 
tions.  As  an  approximation,  these  perturbations  are  expanded  as  a  synthesis  of  classical  acoustic 
modes  with  time- varying  amplitudes. 


CXI 

p'{r,t)  (1.3) 

n=:l 

^)  =  S  ^r^VV^n(«™)  (1-4) 

n=l 

where  ipn  is  the  mode  shape  and  r}n{t)  is  the  time-dependent  amplitude  of  the  classical 
acoustic  mode.  After  substituting  Eq.  (1.3)  in  Eq.  (1.1),  the  equations  are  spatially  averaged, 
resulting  in  a  system  of  ordinary  differential  equations  describing  the  amplitudes  of  the  acoustic 
modes. 

=  ^’n  (1-5) 


where  Un  =  akn  and 

F„  =  -^{y‘V’nMK  +  ^^„/ds}  (1.6) 

Thus,  the  problem  is  reduced  to  solving  for  the  amplitudes,  r}n{t)-  This  approach  is  very  general 
and  can  accommodate  all  damping  and  amplification  mechanisms.  The  most  difficult  part  of 
the  problem  is  in  the  identification  and  modeling  of  the  important  physical  processes. 

Much  of  the  earlier  work  using  this  analysis  has  concentrated  on  the  effects  of  nonlinear  con¬ 
tributions  from  gasdynamics  only.  Some  of  these  include  Yang  et  al.,^*^  Paparizos  and  Culick,^^ 
and  Jahnke  and  Culick.^^  These  works  have  convincingly  shown  that  nonlinear  gasdynamics 
alone  does  not  contain  the  possibility  of  pulsed  oscillations.  It  has  also  been  shown  that  results 
for  nonlinear  gasdynamics  to  second-order  is  qualitatively  similar  to  results  obtained  using  gas¬ 
dynamics  to  third-order;  we  will  therefore  include  nonlinear  g£isdynamics  to  second-order  only. 
In  this  work,  we  will  present  results  for  systems  with  additional  contributions  from  nonlinear 
combustion  response  and  noise. 
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2  NONLINEAR  COMBUSTION  RESPONSE  OF  SOLID  PROPELLANTS 


Combustion  of  a  solid  propellant  is  nonlinear  chiefly  for  two  reasons:  chemical  processes  depend 
nonlinearly  on  both  temperature  and  pressure;  and  the  conversion  of  condensed  material  to 
gaseous  products  is  a  nonlinear  function  of  the  properties  of  the  local  flow  field.  In  the  past, 
analysis  of  unsteady  burning  has  been  directed  largely  to  investigating  the  response  of  burning 
to  small  fluctuations  of  the  flow  field  in  order  to  satisfy  the  need  to  predict  linear  stability.  In 
particular,  the  response  of  burning  to  fluctuations  in  pressure  has  received  the  most  attention; 
see  Culick^^  for  a  review  of  calculations  of  the  linear  response  function.  In  this  section,  we  will 
show  results  for  models  of  the  nonlinear  response  of  solid  propellants. 

In  order  to  be  used  in  the  present  analysis,  any  model  of  unsteady  combustion  must  be  put  in 
such  a  form  as  to  fit  into  the  appropriate  terms  in  the  forcing  function -given  by  Eq.  (1.6).  For 
gasdynamics  up  to  second-order,  the  right-hand  side  of  Eq.  (1.5)  can  be  written: 

-^^Fn  -  p  J{u-  Vn'  +  u'  •  Vw)  •  V-ipridV  +  / (tp'V  •  tl  +  ti  •  Vp')ipndV 

linear  gasdynamics 


+  P 


/ 


,  „  ,  p' du' 
p  ot 


V^ndV  + 


1  d  , 


Vu'  +  u'-  Vp’)^„dy  (2.1) 


nonlinear  gasdynamics 


du 

dt 


-  •  MndS  -  j 


1  dV' 
dt 


dV 


linear  and  nonlinear  other  contributions 
surface  processes 


As  a  means  of  accommodating  nonlinear  combustion  of  solid  propellants,  we  are  concerned  with 
the  term  labeled  “linear  and  nonlinear  surface  processes.”  Because  this  term  is  nearly  equal 
to  the  time  derivative  of  the  second-order  fluctuation  of  mass  flux  inward,  it  provides  a  means 
through  which  contributions  from  nonlinear  combustion  may  be  included.  The  mass  flux  at  the 
surface  is  defined  as  m  =  pti  so  that  the  fluctuating  part  becomes 

frd  ~  771  —  TTl 

=  {p  +  p')[u  du')~  pu 
—  pu'  p*(u-\-  u') 


Assuming  u  is  independent  of  time,  a  form  which  can  be  directly  substituted  in  Eq.  (2.1)  is 
obtained  by  taking  the  time  derivative  of  the  above  equation  and  rearranging  terms. 


n  = 


drh' 

dt 


n  —  p 


,du' 

It 


n  — 


^{u  +  u') 


n 


(2.2) 


It  happens  that  analysis  and  modeling  of  unsteady  combustion  leads  to  results  for  mass  fluc¬ 
tuation,  but  as  shown  by  Eq.  (2.1),  the  gasdynamics  problem  within  the  chamber  requires  the 
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Figure  1.  Maximum  amplitude  in  limit  cycle  of  first  acoustic  mode  showing  contributions  of 
nonlinear  gasdynamics  and  combustion 

unsteady  velocity  as  the  boundary  condition.  Thus,  we  can  include  contributions  from  nonlinear 
combustion  by  use  of  Eq.  (2.2). 

For  the  results  here,  we  assume  that  all  linear  processes  are  accounted  for  and  that  nonlinear  con¬ 
tributions  arise  only  from  gasdynamics  and/or  combustion.  When  only  nonlinear  gasdynamics 
is  included  in  the  analysis,  a  supercritical  bifurcation,  characteristic  of  spontaneous  oscillations, 
is  produced;  see  Fig.  1.  The  basic  input  data  for  Figs.  1,  3  and  4  are  those  used  by  Culick  and 
Yang^^  except  for  the  special  values  needed  in  the  representation  of  the  nonlinear  combustion 
response. 

When  combustion  provides  the  only  nonlinear  contributions,  the  possibility  of  pulsed  oscillations 
has  also  not  been  found.  For  the  nonlinear  combustion  model  used  in  Fig.  1,  described  in  the 
following  section,  a  shifted  stability  boundary  was  produced.  No  stable  limit  cycles  are  found 
on  either  side  of  this  boundary.  Other  models  of  nonlinear  combustion  have  produced  similar 
results.  Therefore,  we  have  subsequently  investigated  the  combination  of  nonlinear  gasdynamics 
and  combustion,  and  some  of  those  results  will  be  reproduced  here. 

Most  of  the  work  concerning  combustion  instabilities  has  dealt  with  linear  stability  of  pressure 
oscillations.  As  a  result,  many  models  of  the  linear  response  of  combustion  to  pressure  emu¬ 
lations  have  been  developed. In  order  to  study  the  possible  influences  of  nonlinear  pressure 
coupling,  one  of  these  linear  response  functions  was  extended  by  retaining  terras  to  second- 
order.^®  For  reasonable  values  of  parameters,  this  model  did  not  produce  triggering  to  stable 
limit  cycles  and  will  not  be  covered  here;  see  Burnley^^  for  details.  Instead,  we  will  concen¬ 
trate  on  the  response  of  combustion  to  velocity  oscillations  parallel  to  the  burning  surface,  i.e., 
velocity  coupling. 


2.1  Velocity  Coupling 

In  the  experimental  and  theoretical  investigation  of  pulsed  instabilities  by  the  Air  Force  Propul¬ 
sion  Laboratory,  Baum  and  Levine^®  introduced  a  model  of  nonlinear  combustion  response  based 
on  the  idea  of  velocity  coupling.  To  obtain  agreement  between  predicted  behavior  and  obser¬ 
vations,  one  parameter  representing  the  response  of  combustion  to  the  velocity  parallel  to  the 
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Figure  2.  Function  of  velocity  to  be  used  in  the  threshold  velocity  model;  Ui/a  —  0.02 

burning  surface  was  changed.  By  changing  only  this  parameter,  they  were  able  to  match  the 
growth  rates,  the  limit  cycle  amplitudes,  the  mean  pressure  shift,  and  the  waveform  quite  accu¬ 
rately.  This  suggests  that  the  chosen  nonlinearity  must  be  fairly  close  to  the  important  physical 
processes  present  in  the  experiments. 

The  Baum  and  Levine  model  is  an  ad  hoc  model  in  which  the  mass  burning  rate  is  directly 
modified  by  some  function  of  the  velocity.^®  For  that  reason  it  was  originally  called  the  ‘burn 
rate  augmentation  model.’  The  total  mass  burning  rate  is  written  as  a  combination  of  linear 
pressure  coupling  and  nonlinear  velocity  coupling. 

m  =  mpc[l  +  i?vcF(u)]  (2.3) 

where  mpc  is  the  mass  flux  due  to  pressure  only  and  R^c  is  a  constant  related  to  the  sensitivity 
of  burning  to  velocity  parallel  to  the  surface.  As  the  evolution  rate  of  solid  to  gas  should  depend 
on  the  magnitude  but  not  the  direction  of  the  scouring  flow,  and  the  simplest  assumption  is 
linear  dependence,  F{u)  is  taken  equal  to  \u’\ja.  We  will  restrict  J?vc  to  positive  values,  i.e., 
cases  in  which  the  mass  flux  decreases  due  to  velocity  fluctuations  will  not  be  considered. 

A  second  model  which  will  be  discussed  in  this  section  is  based  on  the  idea  of  a  threshold  velocity. 
Threshold  effects  have  been  observed  in  experimental  investigations  of  velocity  coupling.  Ma 
et  al.^®  used  subliming  dry  ice  to  simulate  the  flow  in  a  solid  propellant  rocket  motor.  A 
piston  was  used  to  generate  acoustic  waves  in  the  chamber.  The  investigation  found  a  threshold 
acoustic  velocity  above  which  the  mean  mass  flux  increased  linearly  with  the  Reynolds  number 
of  the  acoustic  fluctuations.  Below  the  threshold  value,  the  mean  mass  flow  was  approximately 
constant.  The  increased  mass  flux  was  determined  to  be  a  result  of  increased  heat  transfer  to 
the  surface  after  transition  to  turbulent  flow  had  occurred. 

The  function  of  velocity  shown  in  Figure  2  will  be  used  in  the  Baum  and  Levine  model  (2.3) 
to  construct  the  threshold  velocity  model.  This  function  introduces  a  dead  zone  in  which  the 
nonlinear  contributions  from  combustion  do  not  affect  the  system.  When  the  amplitudes  of 
oscillations  become  larger  than  the  chosen  threshold  value  Uf,  the  nonlinear  effects  are  then  felt. 
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Figure  3.  Maximum  amplitude  in  limit  cycle  of  first  acoustic  mode  with  and  without  a  normal¬ 
ized  threshold  velocity  of  0.02;  four  modes;  Hvc  =  5.32 

2.1.1  Results  for  velocity  coupling 

The  Baum  and  Levine  model  as  originally  formulated  did  not  satisfactorily  explain  pulsed  oscil¬ 
lations.  Although  regions  of  possible  triggering  were  found  when  the  system  was  truncated  to 
two  modes,  this  region  is  greatly  reduced  or  is  no  longer  present  when  more  modes  are  included. 
The  threshold  velocity  model,  on  the  other  hand,  produces  sizeable  regions  of  possible  trigger¬ 
ing.  In  Fig.  3,  results  for  the  Baum  and  Levine  model  is  compared  with  results  for  a  normalized 
threshold  velocity  {ut/d)  of  0.02. 

For  velocity  oscillations  with  amplitudes  less  than  the  chosen  threshold  velocity,  the  effect  of 
nonlinear  combustion  is  nonexistent.  Therefore,  the  path  of  periodic  solutions  should  be  identical 
to  the  case  of  linear  pressure  coupling,  i.e.,  a  supercritical  bifurcation  occurring  at  the  origin. 
This  is  precisely  the  behavior  shown  in  Fig.  3  for  the  threshold  velocity  model.  Once  the 
magnitude  of  the  velocity  oscillations  reaches  the  threshold  value,  nonlinear  combustion  quickly 


Figure  4.  Influence  of  the  threshold  velocity  Ut  on  the  region  of  possible  triggering;  Rvc  =  5,32 
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becomes  important,  and  a  fold  in  the  path  is  produced.  The  unstable  path  remains  nearly 
horizontal  until  other  nonlinear  contributions  become  strong  enough  to  produce  a  second  fold, 
thereby  producing  a  path  of  stable  periodic  solutions.  Another  observation  from  Fig.  3  is  that 
the  amplitudes  of  oscillations  are  lower  than  the  amplitudes  for  a  zero  threshold  velocity.  The 
total  energy  provided  by  nonlinear  combustion  during  one  cycle  is  less  when  a  threshold  velocity 
is  present.  Thus,  lower  amplitudes  are  required  in  order  to  dissipate  the  energy  and  maintain  a 
stable  limit  cycle. 

Using  the  methods  of  dynamical  systems  theory,  the  location  of  the  upper  turning  point  was 
determined  as  a  function  of  the  threshold  velocity.  For  a  value  of  Rye  —  5.32,  a  plot  of  this 
dependence  is  provided  in  Fig.  4.  (Note  that  there  is  a  discrepancy  between  Figs.  3  and  4  for 
Ut/a  =  0.  This  is  due  to  the  quantitative  inaccuracy  of  the  original  oscillator  equations  when 
using  the  threshold  velocity  model  in  the  methods  of  dynamical  systems  theory;  see  Burnley for 
details.  The  plot  of  Ut/a  =  0  in  Fig.  3  was  generated  using  time-averaged  equations,  while  Fig.  4 
was  produced  using  the  original  oscillator  equations.  For  Ut/a  ^  0,  the  time-averaged  equations 
are  slightly  more  accurate  than  the  original  oscillator  equations.)  There  is  actually  no  triggering 
for  Ut/a  -  0,  although  a  large  region  of  possible  triggering  exists  for  ut/a  infinitesimally  greater 
than  zero.  As  ut  is  increased,  the  region  becomes  increasingly  smaller  until  finally,  a  critical 
value  is  reached  above  which  triggering  is  no  longer  possible.  This  phenomenon  was  noted  by 
Levine  and  Baum,^®  but  no  possible  explanations  were  given. 

If  the  threshold  velocity  is  greater  than  the  rate  of  energy  production  by  nonlinear  com¬ 
bustion  cannot  equal  the  rate  at  which  energy  is  transferred  to  higher  modes  by  nonlinear 
gasdynamics.  Therefore,  for  a  stable  limit  cycle  to  exist,  additional  energy  must  be  provided  by 
linear  processes,  i.e.,  ai  >  0.  For  this  reason,  a  propellant  with  a  very  high  threshold  velocity 
will  be  impossible  to  trigger.  It  was  also  determined  that  the  critical  value  of  Ut  depends  directly 
on  the  value  of  the  velocity  coupled  response  function,  as  one  would  expect.  The  rate  of  energy 
production  is  proportional  to  five-  As  the  coupling  to  velocity  oscillations  becomes  stronger, 
i.e.,  Rye  increases,  increases  accordingly. 


3  THE  INFLUENCE  OF  COMBUSTION  NOISE 

Combustion  chambers  are  inherently  noisy  environments.  This  is  apparent  from  inspection  of 
the  power  spectra  of  pressure  records  from  test  firings,  as  well  as  from  simply  listening  to  the 
test.  When  a  combustion  instability  is  present,  the  power  spectrum  exhibits  well-defined  peaks 
in  addition  to  background  noise  over  the  entire  range  of  frequencies.  Substantial  noise  sources 
in  rocket  motors  include  flow  separation,  turbulence,  and  combustion  processes.  It  is  expected 
that  the  presence  of  noise  will  affect  in  some  way  the  amplitudes  and  possibly  the  qualitative 
behavior  of  coherent  oscillations.  That  is  precisely  the  purpose  of  this  section:  to  determine  the 
influence  of  noise  on  combustion  instabilities. 

Only  a  small  amount  of  work  has  been  done  on  the  interactions  between  noise  and  acoustic 
instabilities.  Culick  et  al.^°  studied  the  influence  of  noise  on  combustion  instabilities,  but  only 
for  a  very  simple  case:  two  acoustic  modes  with  noise  present  only  in  the  first  mode.  In  addition, 
the  formulation  was  flawed,  and  the  form  of  the  resulting  noise  terms  is  not  quite  correct.  Clavin 
et  al.^^  studied  the  influence  of  turbulence  on  instabilities  in  liquid  rocket  motors.  Using  only 
one  mode  in  the  analysis  and  third-order  nonlinearities,  it  was  reported  that  the  inclusion  of 
noise  can  lead  to  the  possibility  of  triggering.  It  is  a  well-known  result  that  a  single  third-order 
equation  may  produce  a  subcritical  bifurcation.  When  more  acoustic  modes  are  considered,  this 
may  not  be  the  case,  as  demonstrated  by  Yang  et  al.'°  for  third-order  gasdynamics.  Therefore, 
the  results  of  Clavin  et  al.  may  not  be  applicable  in  general. 
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The  present  analysis  is  an  extension  of  the  previous  work  by  Culick  et  We  will  first 

decompose  the  flow  field  into  acoustic  and  non-acoustic  parts  using  a  method  developed  by  Chu 
and  Kovasznay.^^  This  will  allow  the  general  form  of  the  noise  terms  to  be  determined.  Finally, 
we  will  simplify  the  equations  in  order  to  study  the  possible  influences  of  noise  on  combustion 
instabilities. 


3.1  Splitting  the  Unsteady  Flow  Field  Into  Acoustic,  Vortical, 
and  Entropic  Modes  of  Propagation 

Fluctuations  in  a  compressible  fluid  can  be  decomposed  into  three  types  of  waves:  acoustic 
waves,  vorticity  waves,  and  entropy  waves.  A  thorough  discussion  of  this  idea  is  presented 
by  Chu  and  Kovasznay.^^  The  three  waves  propagate  independently  in  linearized  theory  of  a 
uniform  mean  flow,  but  are  coupled  when  the  mean  flow  is  non-uniform.^^  For  example,  the 
pressure  in  an  acoustic  wave  is  changed  slightly  by  the  presence  of  a  vorticity  or  entropy  wave 
if  the  mean  flow  is  not  uniform.  Coupling  between  modes  may  also  occur  at  the  boundaries  of 
the  chamber. 

Although  noise  is  detected  as  pressure  waves,  the  sources  of  noise  are  associated  with  the  presence 
of  vorticity  fluctuations  (e.g.,  turbulence,  flow  separation,  etc.)  and  entropy  or  non-isentropic 
temperature  fluctuations.  Therefore,  decomposing  the  unsteady  flow  field  into  the  three  types  of 
waves  allows  both  noise  and  acoustic  instabilities  to  be  handled  in  the  same  analytical  framework 
discussed  in  Sec.  1.  The  contributions  from  vorticity  and  entropy  waves  will  appear  as  additional 
force  terms  on  the  right-hand  side  of  the  acoustic  equation. 

Following  the  analysis  of  Chu  and  Kovasznay,^^  the  thermodynamic  and  kinematic  variables 
can  be  written  as  a  sum  of  fluctuations  in  the  three  waves  as  follows. 


p'=p’a+p’n+p:  {3-1) 

n'  =  ni  +  n^  +  n;  (3.2) 

^'  =  4  +  4  +  s;  (3.3) 

u'  =  +  (3.4) 


In  general,  all  of  the  fluctuations  will  be  nonzero,  but  not  all  terms  are  the  same  order.  If  we 
restrict  the  analysis  to  small  amplitude  motions,  the  three  waves  have  the  following  character¬ 
istics:^^ 


(  )e  acoustic  waves:  pressure  and  velocity  fluctuations,  no  entropy  change 
(  )fi  vorticity  waves:  velocity  fluctuations,  no  pressure  or  entropy  changes 
(  )5  entropy  waves:  entropy  and  velocity  fluctuations,  no  pressure  change 


Thus,  to  zeroth-order,  the  fluctuations  in  the  three  waves  are  given  by 

P’  =  Va 

s' =  5; 

u'  =  u;  +  u(,  + 


(3.5) 

(3.6) 

(3.7) 

(3.8) 


An  equation  for  the  density  fluctuation  is  obtained  by  expanding  the  formula  for  the  entropy  of 
a  perfect  gas. 


P  IP  Cp 


(3.9) 
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As  an  approximation  to  the  acoustic  pressure  and  velocity  perturbations,  we  will  once  again  use 
a  superposition  of  the  classical  acoustic  modes  so  that 


P'a=P'Il'nn{t)i>n{r) 


n=l 


Substitution  of  Eq.  (3.5)  in  the  left-hand  side  of  the  nonlinear  wave  equation  (1.1),  followed  by 
application  of  Galerkin’s  method,  leads  to  a  set  of  coupled  nonlinear  oscillator  equations. 

=  (3*10) 


The  right-hand  side  will  be  slightly  different  from  the  previous  derivation  with  given  by: 


.23 


=  p/,  +  +  Ph  +  ^^4  +  /p^  •  MS  -  f 


1  dV' 
dt 


dV 


(3.11) 


where 


h=J 

f  (u  •  Vu'  +  u'  •  Vti) 

•  VlpndV 

^(7p'V  ■ 

•  U  d-  uV  •  p')ll3ndV 

/3=J 

•  VipudV 

II 

' 

Vp')'lpndV 

In  the  original  development  of  the  approximate  analysis,  the  zeroth-order  approximations  for 
the  pressure  and  velocity  were  used  to  evaluate  F^.  The  same  idea  will  be  applied  here,  although 
additional  contributions  to  the  velocity  fluctuation  from  coupling  to  vorticity  and  entropy  waves 
will  be  included.  Once  these  quantities  are  substituted  in  the  right-hand  side,  the  set  of  forced 
oscillator  equations  eventually  takes  the  general  form 

CX5  OO 

i=lj=l 

+  (-^n)other  +  [^niVi  +  iniVi]  +  -n  (3.12) 

This  system  of  equations  is  very  complex,  and  there  are  many  free  parameters.  For  instance,  if 
we  truncate  the  system  to  N  modes,  there  are  2N  linear  parameters  and  an  additional  2N^  -f-  N 
unknown  functions.  In  order  to  simplify  the  equations  somewhat,  we  will  therefore  neglect  cross¬ 
coupling  terms  in  and  fm,  i.e.,  terms  with  n^i.  These  terms  may  turn  out  to  be  important, 
but  neglecting  them  will  allow  for  easier  initial  computation  of  results  and  will  suffice  for  the 
purposes  here.  The  simplified  set  of  equations  is 

OO  OO 

7?n  +  =  2q:„77„  -f  2uJn0nVn  “  IZH  [^nijm'nj  +  FnijTliT^j] 

i=l  3=1 

+  {Fn)Z\er+en{t)fln+Ut)rtn+^n(t)  (3.13) 
3.2  Modeling  of  the  Stochastic  Sources 

The  problem  has  now  been  reduced  to  solving  Eq.  (3.13)  for  the  time-dependent  amplitudes  T]n{t) 
which  are  subjected  to  additive  and  multiplicative  white  noise.  The  source  terms  Q{t),  $Ti(i)i 
and  En(i)  represent  stochastic  processes  of  some  sort  and  are  responsible,  in  this  formulation, 
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Figure  5.  Sample  pressure  trace  and  spectrum  for  a  simulation 


for  the  background  noise  found  in  the  power  spectra  of  test  firings.  The  problem  of  modeling 
these  processes,  however,  remains.  This  requires  specification  of  both  the  spatial  and  temporal 
distribution  of  the  velocity  and  the  entropy.  At  the  present  time,  no  models  exist  for  these 
fluctuations. 

There  are  several  other  paths  that  can  be  followed  at  this  point  which  include  obtaining  approx¬ 
imate  representations  for  the  velocity  and  entropy  fluctuations  based  on  experimental  data  or 
numerical  simulations.  The  approach  that  will  be  taken  here  is  to  assume  forms  for  the  source 
terms  which  are  based  on  observations  of  experiments.  By  inspection  of  the  pressure  traces  of 
test  firings,  it  is  apparent  that  the  stochastic  processes  in  real  systems  are  broadband  with  very 
small  correlation  times,  tauc-  (The  correlation  time  is  the  time  above  which  the  autocorrelation 
function  is  zero.  This  is  a  measure  of  the  dependence  of  the  process  on  its  past.)  The  limit 
Tc  0  represents  a  delta  correlated  process,  i.e,,  a  process  which  is  totally  uncorrelated  with 
itself.  It  is  thus  interesting  to  study  this  limiting  case  and  assume  that  the  stochastic  terms  are 
represented  by  white  noise. 

The  definition  of  a  white  noise  process  is  a  process  whose  spectral  density  is  flat,  i.e.,  all  fre¬ 
quencies  are  present  at  the  same  amplitude.  Although  such  a  process  cannot  occur  in  a  real 
system,  white  noise  can  be  a  very  useful  tool  for  studying  real  processes  which  have  very  small 
correlation  times  compared  to  the  macroscopic  times  of  the  system.  This  is  true  of  the  random 
processes  and  systems  of  interest.^  Therefore,  we  will  approximate  f„,  and  by  mutually 
independent  white  noise  processes  with  zero  mean  values  and  intensities  ,  <7^,  and  cr“. 

An  example  of  a  simulation  with  white  noise  excitations  is  presented  in  Fig.  5.  A  sample 
pressure  trace  is  shown  along  with  the  corresponding  normalized  spectrum.  Inspection  of  the 
spectrum  shows  the  distinct  frequencies  which  are  associated  with  an  acoustic  instability,  along 
with  broadband  background  noise.  This  is  characteristic  of  actual  test  data  of  a  case  when  an 
instability  is  present. 


3.3  The  Effects  of  Noise  and  Nonlinear  Combustion 

In  Section  2,  we  were  interested  only  in  deterministic  systems.  Since  we  are  now  studying 
nondeterministic  systems,  it  is  natural  to  use  the  probability  density  functions  of  the  amplitudes 
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Figure  6.  Probability  density  function  for  a  system  with  a  noisy  linear  growth  rate  in  the 
fundamental  mode  only;  2  modes,  af  =  0.005  sec“^/^,  Oi  =  25  sec"^ 

of  acoustic  modes  to  investigate  the  dynamics  of  the  system.  In  addition,  we  will  use  the 
amplitude  Vn  which  is  defined  in  the  following  equation. 

r]n{t)  =  rn(t)  COs{u}nt  +  W)  (3.14) 

This  amplitude  will  have  a  nonzero  mean  value  so  that  quantitative  changes  will  be  more  evident. 

A  Monte-Carlo  method  will  be  used  to  obtain  an  approximation  to  the  probability  density 
functions  of  the  acoustic  amplitudes.  In  this  method,  a  series  of  numerical  “experiments”  is 
conducted,  usually  in  the  same  manner  that  one  would  conduct  actual  experiments.  After  the 
flow  field  has  become  well-developed  (say  1000  periods  of  the  fundamental  mode  or  so),  the  am¬ 
plitudes  of  the  acoustic  modes  are  sampled.  The  results  are  then  used  to  construct  histograms 
which,  after  normalization,  approximate  the  instantaneous  probability  density  functions  of  the 
modal  amplitudes.  The  approximation  becomes  better  as  the  number  of  experiments  is  in¬ 
creased. 

In  the  current  study,  each  Monte-Carlo  simulation  will  consist  of  10000  numerical  experiments. 
The  linear  parameters  will  be  fixed  throughout  a  series  of  experiments,  while  the  initial  condi¬ 
tions  for  the  simulations  will  be  varied  systematically.  In  particular,  a  square  initial  pulse  which 
is  nonzero  from  0  <  rc/L  <  .25  will  be  used.  The  size  of  the  pressure  pulse  p' /p  will  be  varied 
from  0  to  .2  linearly  so  as  to  include  all  likely  values. 

It  is  to  be  expected  that  the  inclusion  of  combustion  noise  may  well  change  the  quantitative  and 
perhaps  even  the  qualitative  behavior  of  solution.  A  previous  investigation^^  was  unable  to  find 
cases  consistent  with  subcritical  bifurcations  when  only  nonlinear  gasdynamics  were  included. 
All  cases  had  only  one  apparent  attractive  state;  see  Fig.  6  for  an  example  of  a  case  with  a 
noisy  linear  growth  rate  of  the  fundamental  mode.  As  no  examples  of  triggering  were  found  for 
the  case  of  noise  and  nonlinear  gasdynamics,  nonlinear  combustion  in  the  form  of  the  threshold 
velocity  model  was  also  included  in  the  analysis.  The  results  are  reproduced  here. 

When  nonlinear  combustion  is  added  to  the  stochastic  system  (3.13),  the  resulting  probability 
density  functions  can  be  quite  different,  as  one  might  expect.  We  have  previously  shown  in 
Section  2  that  this  model  can  produce  regions  of  possible  triggering  in  which  two  stable  solutions 
exist  simultaneously.  In  a  stochastic  system,  this  corresponds  to  a  bimodal  probability  density 
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Figure  7.  Bifurcation  diagram  for  the  deterministic  system;  threshold  velocity  model,  u^/a  = 
0.03,  Rye  =  7.8,  4  modes 

function  such  that  there  is  a  high  probability  of  low  and  high  amplitudes  and  a  low  probability 
of  intermediate  values. 

For  the  parametric  values  in  the  threshold  velocity  model,  we  will  use  Ut/d  =  0.03  and  Rye  ~  7.8 
for  the  parameters  in  the  threshold  velocity  model.  Using  these  values,  the  bifurcation  diagram 
for  the  deterministic  system  is  shown  in  Fig.  7.  This  diagram  will  be  useful  in  the  discussion  of 
results.  In  addition,  the  following  values  were  chosen  for  the  intensities  of  the  stochastic  sources: 
cr^  =  0.005  sec~^/^,  <7^  =  0.025  sec“^/^,  and  erf  =  0.0005  sec~^/^,  for  n  ==  1,2.  The  parameter 
Oi  will  be  varied  while  all  other  parametric  values  remain  fixed.  By  changing  this  parameter, 
we  will  demonstrate  a  variety  of  the  possible  forms  of  the  probability  density  functions. 

From  inspection  of  Fig.  7,  we  see  that  the  region  of  possible  triggering  begins  at  approximately 
Oi  =  -30  sec“^  for  the  deterministic  system.  Below  this  value,  the  deterministic  system  is 
stable  to  any  size  perturbation.  To  illustrate  the  effect  of  noise  on  such  a  system,  a  linear 
growth  rate  of  -35  sec“^  was  chosen.  Figure  8a  shows  the  resulting  probability  density  function 
for  the  first  acoustic  mode.  For  this  case,  the  attractor  of  the  deterministic  system,  i.e.,  the 
trivial  steady  state,  is  so  strong  that  the  amplitudes  never  reach  large  values.  Therefore,  the 
parametric  excitations,  i.e.,  and  have  a  very  small  effect  on  the  system.  Most  of  the  noise 
contribution  is  a  result  of  the  external  excitations,  En- 

As  the  linear  growth  rate  is  increased  to  a  value  above  —30  sec“^  we  enter  the  region  of  possible 
triggering  where  an  additional  attractive  state  is  present.  Three  values  of  ai  were  chosen  in 
order  to  show  how  the  probability  density  of  the  fundamental  mode  changes  throughout  this 
region.  As  the  value  of  ai  is  varied,  the  regions  of  attraction  of  the  stationary  states  will  change. 
This  will  have  a  noticeable  effect  on  the  probability  density  functions. 

The  first  value  of  cti  was  chosen  very  close  to  the  lower  boundary  of  the  region  of  possible 
triggering.  For  a  value  of  ai  =  -25  sec“\  Figure  8b  shows  the  probability  density  function  of 
the  fundamental  mode.  The  low  amplitude  attractive  state  is  dominant  because  the  region  of 
attraction  for  this  state  is  larger.  However,  the  effect  of  the  high  amplitude  attractive  state  is 
still  present,  resulting  in  a  long  tail  in  the  probability  density  function. 
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(c)  ai  =  -20  sec-i  (d)  ai  =  -10  sec  ^ 

Figure  8.  Probability  density  function  of  the  first  acoustic  mode  for  various  values  of  ai\  thresh¬ 
old  velocity  model,  utja  =  0.03,  i?vc  =  7.8,  4  modes 

As  we  increase  oti  further  to  a  value  of  -20  sec“\  the  effect  of  the  high  amplitude  state  becomes 
more  noticeable,  as  shown  in  Figure  8c.  The  regions  of  attraction  of  the  two  states  are  becoming 
more  equal  so  that  amplitudes  surrounding  both  states  have  high  probabilities.  Note  that  the 
probability  density  function  is  continuous,  and  the  intermediate  values  are  nonzero.  This  means 
that  the  background  noise  can  lead  to  a  qualitative  change  in  the  behavior  of  the  system.  This 
is  not  consistent  with  the  usual  definition  of  triggering  in  which  a  larger  amplitude  perturbation 
is  necessary. 

Figure  8d  corresponds  to  ai  =  -10  sec'^  This  figure  is  a  good  example  of  triggering  in 
the  presence  of  noise.  The  background  noise  is  generally  insufficient  to  cause  transition  from 
the  low  amplitude  state  to  the  high  amplitude  state.  However,  since  we  are  assuming  Gaussian 
distributed  noise,  even  large  amplitude  perturbations  are  possible,  and  the  stationary  probability 
density  function  will  in  fact  be  continuous.  The  probability  of  intermediate  amplitudes  will, 
nonetheless,  be  very  small. 


4  CONCLUDING  REMARKS 

In  this  paper,  we  have  presented  some  recent  results  of  a  continuing  investigation  on  coherent 
oscillations  in  combustion  chambers.  Past  studies  have  established  that  nonlinear  gasdynamics 
alone  does  not  explain  pulsed  oscillations.  Using  several  models  of  nonlinear  combustion,  we 
have  shown  that  nonlinear  combustion  alone  does  not  apparently  contain  subcritical  bifurca¬ 
tions  either.  The  combination  of  the  two,  however,  can  produce  the  type  of  coupling  between 
combustion  processes  and  acoustic  oscillations  necessary  for  this  type  of  behavior  to  occur.  We 
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have  reproduced  some  results  obtained  using  a  model  of  velocity  coupling  with  a  threshold. 
This  model,  which  is  based  on  a  physically  observed  phenomenon,  is  sufficient  to  explain  pulsed 
oscillations. 

Most  past  studies  of  acoustic  oscillations  have  neglected  vortical  and  entropic  waves,  (For 
important  recent  exceptions,  see  Flandro^'*  and  Roh  et  al.^^)  We  have  relaxed  that  assumption 
and  developed  the  general  form  for  the  noise  terms  which  arise  from  vorticity,  etc.  In  order 
to  determine  if  the  combination  of  combustion  noise  and  nonlinear  gasdynamics  is  sufficient  to 
produce  pulsed  oscillations,  a  systematic  study  was  performed.  No  cases  of  bimodal  probability 
density  functions  were  located,  and  it  appears  that  combustion  noise  alone  cannot  produce  that 
type  of  behavior.  When  the  threshold  velocity  model  is  also  included  in  the  analysis,  bimodal 
probability  density  functions  are  possible,  as  demonstrated  here. 
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ABSTRACT:  .  A  one-dimensional  transient  model  of  the  combustion  of  energetic  material 
(EM)  with  surface  evaporation  is  formulated.  The  model  considers  heat  propagation  and  EM 
condensed  phase  decomposition  via  a  1st  order  reaction.  In  the  gas  phase,  it  considers  heat 
propagation,  species  diffusion,  exothermic  decomposition  of  vapor  via  a  1st  order  reaction  and 
exothermic  conversion  of  gas  components  via  a  2nd  order  reaction.  The  matching  condition 
at  the  surface  corresponds  to  equilibrium  evaporation  in  the  form  of  the  Clausius-Ciapeyron 
equation.  An  external  radiant  flux  is  assumed  to  be  absorbed  in  the  bulk  of  EM  and  not  to  be 
absorbed  in  the  gas  phase.  When  simulating  radiative  ignition,  it  has  been  revealed  that  it  can 
occur  in  one-,  two-  or  three-stages.  First,  under  irradiation,  the  evaporation  and  exothermic 
reaction  in  the  condensed  phase  is  initiated  with  a  gas  flame  being  formed  far  from  the  burning 
surface.  The  conductive  heat  flux  from  the  gas  to  the  EM  surface  is  vanishingly  small  and  the 
low  rate  gasification  regime  is  realized.  If  the  radiant  flux  gradually  decreases  up  to  zero,  the 
flame  approaches  the  EM  surface  and  the  heat  feedback  from  the  gas  phase  increases  several 
times.  A  sustaining  combustion  is  governed  by  heat  feedback  from  the  gas  flame  with  burning 
rate  several  times  higher  than  the  gasification  rate.  Numerical  experiments  performed  with  the 
combustion  model  under  study  have  revealed  the  intrinsic  instability  of  steady-state  combustion 
in  case  of  EM  with  the  rate  controlling  zone  in  the  condensed  phase. 


INTRODUCTION 

To  create  a  combustion  model  of  energetic  materials  (EM)  for  predicting  the  dynamic  behavior 
of  a  concrete  EM,  one  should  describe  the  processes  occurring  in  combustion  zones.  Although 
this  was  recognized  many  decades  ago,  it  is  still  impossible  to  elucidate  a  detailed  combustion 
mechanism  by  direct  experimental  methods  for  a  considerable  number  of  EM.  The  reason  is 
that  the  processes  under  study  occur  in  narrow  zones  (hundreds,  and  at  high  pressures  tens 
of  micron)  at  the  width  of  which  the  temperature  is  varied  by  2000  -  3000  K.  The  high 
gradients  of  temperature  and  component  concentration  make  difficult  the  correct  measurements 
in  combustion  zones.  As  a  rule,  for  EM  available  with  a  good  precision  are  only  stationary 
burning  rate  and  its  dependencies  on  pressure  p,  initial  temperature  To  and  external  radiant 
heat  flux  qr~  The  temperature  profile  and  response  to  time-dependent  radiant  flux  may  be 
measured  to  less  accuracy  (by  microthermocouple  technique,  usually  in  steady-state  regime,  and 
by  the  measurements  of  the  reactive  force  of  issued  gases).  There  is  a  great  need  in  the  techniques 
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for  getting  reliable  information  at  least  on  global  kinetics  of  combustion  processes.  The  natural 
way  to  do  this  is  to  develop  the  comprehensive  combustion  models  and  the  optimal  means  to 
compare  them  with  experimental  observations. 

A  steady-state  combustion  model  of  evaporating  EM  is  likely  to  be  first  proposed  by  A. F. Belyaev 
for  secondary  explosives  for  which  the  reactions  occurring  in  the  condensed  phase  may  be 
neglected.^ For  ammonium  perchlorate  a  stationary  combustion  model  has  been  developed 
with  taking  consideration  of  a  partial  depletion  and  evaporation  of  condensed  phase  and  assum¬ 
ing  a  negligibly  small  role  of  the  gas  phase  reactions.^  The  method  of  small  perturbations  has 
been  employed  to  study  the  stability  of  steady-state  combustion  regimes  of  EM  with  evapora¬ 
tion  on  the  surface  without  reactions  in  the  condensed  phase  and  assuming  the  infinitely  thin 
reaction  zone  in  the  gas  phase.^-^  The  up-to-date  models  take  into  account  the  global  reactions 
in  the  liquid  phase,  the  detailed  reaction  kinetics  in  gas,  and  non-equilibrium  evaporation  at  the 
surface.®”^ 

We  consider  that  the  refusal  of  phase  equilibrium  at  the  surface  causes  unjustified  complications 
of  the  model  (see  discussion  below).  Besides,  taking  consideration  of  a  detailed  kinetics  of 
reactions  in  the  gas  phase  as  one  of  the  current  problems  of  combustion  theory  we  think  that 
today  it  cannot  substantially  improve  the  consumers’  characteristics  of  an  ’’engineering”  variant 
of  the  model  because  of  the  lack  of  knowledge  about  processes  in  the  condensed  phase.  These 
remarks  are  especially  important  for  nonsteady  combustion  models.  Below  we  discuss  a  relatively 
simple  transient  model  in  which  we  have  tried  to  allow  for  the  basic  phenomena  observed  in 
combustion  of  melting  and  evaporating  EM.  A  detailed  comparison  with  experimental  data  for 
particular  EM  is  beyond  the  scope  of  the  present  paper. 


PROBLEM  FORMULATION 

In  the  condensed  phase  a  physical  model  includes  heat  propagation  in  solid  and  liquid  states 
(heat  capacity  and  d^sity  are  taken  equal  for  both  of  the  states  while  thermal  conductivity 
coefficients  for  solid  and  for  liquid  \i  are  assumed  to  be  different);  melting  at  temperature 
with  endothermic  effect  Qm’-,  global  exothermic  reaction  of  decomposition  in  the  liquid  phase  of 
a  1st  order  with  thermal  effect  Qc;  thermal  sources  spatially  distributed  in  the  bulk  of  condensed 
phase  according  to  the  Beer  law  . 

The  model  neglects  the  change  in  the  liquid  layer  density  due  to  reactions.  This  assumption 
is  of  minor  importance  in  case  of  liquid  decomposition  products.  However,  in  the  presence  of 
gaseous  products  it  implies  an  effective  removal  of  gas  from  the  liquid  layer.  For  example,  this 
removal  may  occur  via  molecular  diffusion  of  dissolved  gas  from  a  very  thin  subsurface  layer. 

On  the  surface  the  phase  equilibrium  is  assumed  according  to  the  Clausius-Clapeyron  condi¬ 
tion.  Actually,  there  is  no  exact  equality  between  the  mass  flow  rates  of  evaporation  and 
condensation  Af* 

=  (1) 

where  m  is  the  mass  burning  rate;  yes  is  the  mass  fraction  of  vapor  in  total  mass  flow  rate 
generated  by  the  condensed  phase.  Equation  (1)  is  known  to  be  used  for  calculating  m.®"® 
However,  we  consider  the  arguments  given  by  Ben-Reuven  and  Caveny  in  favour  of  equilibrium 
evaporation  sufficiently  convincing. They  analyze  the  relationship  obtained  for  the  rates  by 
division  of  Eq.(l)  by  gas  density  near  the  surface 

yUv;  -  VI)  =  (2) 

Here  U,  V*  are  the  gas  velocity  (the  arithmetical  mean  velocity  of  all  molecules  both 
approaching  and  receding  from  the  surface)  and  the  mean  velocities  of  molecules  moving  from 


1015 


the  surface  and  falling  on  it,  correspondingly;  yis  is  the  mass  fraction  of  vapor  above  the  surface. 
The  estimate  is  given^*^ 

V/V:  <  1  (3) 

Indeed,  V"  is  of  the  order  of  sound  velocity.  At  surface  temperature  it  amounts  to  hundreds  of 
m/s.  Velocit}^  of  gas  in  EM  combustion  at  atmospheric  pressure  is  usually  of  the  order  of  m/s 
which  gives  inequality  (3).  As  the  pressure  increases,  it  strengthens.  Equations  (1)  and  (2)  yield 

miim:  - 1  =  v;iv:  - 1  =  (y/K.*)(y„/yi,)  (4) 

In  EM  combustion  the  condition  y^s  <  yes  holds  due  to  the  dilution  of  vapor  near  the  surface  by 
the  combustion  products  from  gas  flame.  However,  for  typical  set  of  input  parameters  the  values 
yis->  Ves  are  always  of  the  same  order  of  magnitude  (the  difference  in  case  of  the  pronounced  rate 
controlling  role  of  the  gas  phase  amounts  20-40%).  Thus,  from  Equations  (3)  and  (4)  it  follows 
that 

m;/m:  - 1  <  1  (5) 

Using  advanced  approach  one  should  take  into  account  that  a  certain  portion  of  falling 
molecules  does  not  stick  to  the  surface  but  is  elastically  reflected.  This  portion,  however,  is 
assumed  to  be  small  and  taking  it  into  account  will  not  change  a  given  qualitative  estimate. 
Note  that  a  sticking  coefficient  is  usually  taken  to  be  equal  to  unity. ^ 

Expression  (5)  confirms  the  validity  of  the  Clausius-Clapeyron  relationship  for  EM  combustion 
and  shows  inconvenience  of  using  Eq.(l)  as  a  key  expression  for  computing  burning  rate  because 
it  represents  the  difference  of  large  numbers. 

Thus,  we  assume  that  on  the  surface  the  following  condition  holds 

{M/Ml  )yisP  ~  ■  (6) 

Here  {M/Mi)yis  is  the  mole  fraction  of  vapor  above  the  surface;  Mi  and  M  are  the  molecular 
masses  of  vapor  and  gaseous  mixture,  respectively;  A  =  const;  L  is  the  evaporation  latent  heat. 

In  the  gas  phase  the  model  takes  into  account  heat  propagation,  diffusion  and  two  successive 
global  reactions  with  thermal  effects  Qi,  i  =  1,2.  The  products  of  the  first  reaction  (vapor 
decomposition  via  a  1st  order  kinetics)  are  assumed  to  coincide  in  their  composition  with  the 
products  of  decomposition  of  the  liquid  phase.  The  second  reaction  generates  final  combustion 
products  via  a  2nd  order  kinetics. 

A  mathematical  model  represents  a  system  of  differential  equations  in  partial  derivatives  de¬ 
scribing  the  above  physical  processes  within  the  framework  of  a  one-dimensional  nonsteady 
approximation,  and  closing  initial  and  boundary  conditions,  see  Appendix. 

The  model  takes  into  account  the  dependence  of  the  coefficients  of  thermal  conductivity  and 
diffusion  in  the  gas  phase  on  temperature  and  component  composition.  The  EM  burning  rate  is 
determined  from  the  condition  of  heat  balance  at  the  interface  between  the  gas  and  condensed 
phases.  In  numerical  solution  this  causes  certain  difficulties  which  may  be  overcome  by  the  new 
special  iteration  process. 

To  solve  the  energy  equation  with  a  convective  term  a  quasi  monotonous  difference  scheme  of 
second-order  accuracy  has  been  developed  that  effectively  operates  on  rough  (real)  difference 
grids.  Its  essence  may  be  explained  taking  the  model  equation  as  an  example 
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dt  '  dx  d'^x 

where  T  is  the  temperature;  u  is  the  medium  velocity;  k  is  the  thermal  difFusivity  coefficient, 
/3  is  the  heat  exchange  coefficient.  The  presence  of  a  convective  term  leads  to  the  fact  that 
the  application  of  ’’standard”  difference  schemes  with  central  differences  of  the  Crank-Nickolson 
scheme  type  in  case  of  fairly  rough  grids  causes  nonphysical  oscillations  in  the  numerical  solution 
in  the  vicinity  of  its  sharp  change  (for  a  given  class  of  problems  this  is  usually  the  combustion 
front  in  which  the  temperature  gradients  are  large  enough).  To  avoid  these  oscillations  one 
may  apply  a  difference  scheme  based  on  ’’hyperbolic”  approximation.  To  this  end  we  write  the 
left-hand  side  of  Eq.  (7)  along  line  dxjdt  =  u  that  is  conventionally  called  the  characteristic  line 
and  construct  the  following  difference  scheme 

rpn+l  _  rpn  .  ^2rp  ^ 

^  (8) 

where  r,  h  are  the  grid  steps  over  spatial  and  time  variables  so  that  t  =  nr;  x  =  ih;  n  =  0,  ...M; 
i  —  The  values  with  subscript  *  are  calculated  at  the  cross-points  of  the  characteristic 

lines  coming  from  the  point  (n  -{-  1,2)  with  the  straight  lines  forming  the  difference  grid  (with 
the  horizontal  ones  at  hjr  >  u  and  with  the  vertical  ones  sX  h/r  <  u  )  using  the  appropriate 
interpolations.  When  <5=1/2  the  second-order  accuracy  is  attained.  For  either  the  variable 
coefficients  of  equation  or  nonlinear  source  term,  one  should  take  advantage  of  the  ’’predictor- 
corrector”  method. 

A  combination  of  computer  codes  developed  for  numerical  modeling  of  nonsteady-state  processes 
allows  one  to  realize  the  permanent  output  of  temperature  and  concentration  profiles  to  the 
display  as  well  as  the  time-dependence  of  several  (up  to  five)  combustion  parameters,  e.g.,  the 
linear  velocities  of  motion  of  liquid-gas  and  solid-liquid  interfaces,  heat  flux  from  gas  to  the 
burning  surface,  the  thickness  of  melted  layer,  and  reactive  force  produced  by  issued  gases. 
Besides,  the  required  numerical  and  graphical  information  may  be  recorded  on  a  hard  disc.  This 
model  was  used  in  a  series  of  numerical  experiments  during  which  some  new  effects  specific  of 
the  given  model  have  been  revealed. 


RESULTS  OF  CALCULATIONS 

In  numerical  experiments  the  reference  data  were  chosen  based  on  information  reported  on 
combustion  of  nitramines  under  atmospheric  pressure.  These  data  were  changed  (see  Figures 
1-3)  in  certain  range  in  order  to  study  the  effect  of  kinetic  coefficients  on  transient  combustion 
behavior. 


Ignition  peculiarities. 

The  ignition  of  EM  by  thermal  radiation  was  modeled  as  follows.  For  semi-transparent  EM 
(a  =  1000  cm~^  in  terms  of  the  Beer  law)  we  assumed  time- dependent  heat  absorption  qr{t) 
which  is  constant  qr  =  ?o  within  the  time  interval  0  <  f  <  fi,  linearly  decreases  to  zero  with 
ti  <  t  <  t2  and  at  last  vanishes.  It  appears  that  depending  on  the  relation  of  parameters 
ii,  t2  and  kinetic  parameters  (the  gas  phase,  first  of  all)  possible  are  one-,  two-  or  even  three- 
stage  ignition  regimes.  All  regimes  have  the  same  beginning  phase,  i.e.  ’’inert”  heating  when 
all  reactions  may  be  neglected.  This  phase  continues  until  the  surface  temperature  reaches  the 
EM  boiling  (a  bit  lower)  temperature  T{,.  When  Tg  approaches  Tj>,  noticeable  are  the  rates  of 
evaporation  from  surface  and  reacting  in  liquid  and  gas. 

To  demonstrate  the  effects  of  multi-stage  ignition  the  calculations  were  conducted  with  fol¬ 
lowing  reference  parameters:  rtc  =  18.3,  Ec  =  198000 Qc  =  420 J/5,  Egl  =  Eg2  = 


14T420J/moP^  =  1060J/g,  Q,2  =  2982J/^,  D  =  OJScmV^,  A  =  8.4  10“^ 

Ac  =  2.31  10“^l4^/cm/<,  Cp  =  ~  1. 26 n^i  =  14,  n^2  =  13.5  for  Figure  1; 

T^gi  =  ng2  =  13.5  for  Figure  2;  rigi  =  13.5,  ng2  =  12.3  for  Figure  3. 


One-stage  ignition  is  realized  with  sufficiently  strong  heat  release  of  reactions  in  the  gas  phase, 
in  the  time  interval  0  <  f  ~  (Figure  1).  The  gas  flame  is  stabilized  in  close  vicinity  of  surface 
and  provides  heating  and  evaporation  of  the  condensed  phase.  When  the  qr  gradually  vanishes, 
the  steady-state  regime  of  self-sustaining  combustion  can  be  established  if  the  deradiation  time 
{t2~-ti)  is  not  much  shorter  than  the  characteristic  relaxation  time  of  preheat  layer  in  this  regime 
(in  opposite  case  the  flame  quenches). 


rb  Ts  0.24  qr 


In  self-sustaining  regime  a  regression  rate  is  relatively  high,  conversion  degree  in  liquid  is  small. 


Two-stage  regime  is  possible  (Figure  2)  with  relatively  slow  kinetics  of  the  first  gas  phase  re¬ 
action.  The  gas  flame  arises  when  the  Ts  ^  71  and  evaporation  starts.  However,  the  flame  is 
realized  in  the  ’’zone  separation  regime”,  i.e.  far  from  the  surface  at  a  distance  h  ^  Vgtign-  In  this 
case  Vg  ^  Qr  is  the  velocity  of  gas  flowing  from  the  surface;  iign  is  the  time  of  thermal  explosion 
in  gas  at  characteristic  temperature  71.  When  h  >  X/{cpVg),  the  heat  from  gas  flame  does  not 
effectively  feed  to  the  surface.  In  these  conditions  the  gasification  regime  is  observed  presum¬ 
ably  under  the  action  of  the  external  heat  flux  Qr.  When  qr  decreases  the  degree  of  conversion 
in  condensed  phase  increases  (for  used  reference  parameters  it  reaches  0.2),  decreases  too. 


rb  Ts  0.24  qr 


With  qr{t)  decreasing,  the  gas  velocity  and  distance  h  also  decrease  and  the  flame  approaches  the 
surface.  When  qr  vanishes,  the  flame  provides  the  heat  flux  to  the  surface  that  is  necessary  for 
the  steady-state  self-sustaining  regime  (if  deradiation  was  not  too  fast).  In  this  case,  the  mass 
fraction  of  vapor  above  the  surface  t/i^,  which  in  the  zone  separation  regime  of  combustion  or  in 
gasification  regime  coincides  with  becomes  smaller  due  to  the  diffusion  dilution  of  vapor  by 
combustion  products  that  according  to  expression  (6)  leads  to  a  small  drop  in  Ts-  As  a  result, 
the  value  (1  —  yes)  decreases  compared  to  gasification  regime. 

Three- stage  regime  is  possible  (Figure  3)  with  fairly  ’’slow”  kinetics  of  the  second  reaction  in 
the  gas  phase  (burning  in  a  far  zone).  In  this  case,  at  the  first  stage  in  the  gasification  regime 
the  gas  flame  of  the  first  reaction  is  separated  from  the  surface  and  from  the  flame  of  the  second 
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reaction  in  a  far  zone.  As  qr  decreases,  the  flame  in  a  far  zone  approaches  the  first  flame  and 
merges  with  it.  Finally,  the  merged  flame  approaches  the  surface. 

rb  Ts  0.24  qr 


It  should  be  noted  that  the  regime  of  flameless  gasification  under  irradiation  by  Nd-YAG  laser  was 
experimentally  observed  in  our  laboratory  with  pressed  samples  of  RDX  burning  at  atmospheric 
pressure. 


Reactive  force  response  to  sinusoidal  oscillations  of  radiant  flux 

Several  research  groups  from  different  countries  study  the  response  of  the  reactive  force  (recoil) 
F{t)  to  oscillations  of  radiant  flux  qr{t)  supplied  to  the  sample  surface. This  approach  was 
developed  more  than  20  years  ago  in  the  hope  that  the  method  will  be  found  to  obtain  the 
pressure  driven  burning  rate  response  by  a  simple  recalculation  from  measured  radiation  driven 
response.'^  At  present,  these  researches  are  not  finalized.  However,  experimental  data  can  be 
used  for  comparison  with  the  results  of  calculation  by  a  model  in  order  to  validate  the  model 
parameters.  Obviously,  it  is  profitable  to  examine  the  variants  with  the  minimum  number  of 
matched  parameters.  One  of  the  variants  is  determination  of  combustion  response  in  gasification 
regime.  In  this  case,  it  may  be  neglected  heat  feedback  from  the  gas  phase.  Below  the  calculated 
results  are  presented  for  the  modulus  and  the  phase  shift  of  recoil  response  function  versus 
frequency  in  gasification  regime  for  evaporated  EM. 

It  is  noteworthy  that  similar  calculations  have  been  performed  for  the  model  with  a  detailed 
description  of  gas-phase  kinetics.®  Rather  good  qualitative  agreement  was  obtained  with  ex¬ 
perimental  results  on  oscillating  combustion  of  RDX  under  C02-laser  irradiation.  However, 
principled  feature  of  the  approach  with  use  of  C02-laser  is  the  absence  of  low  rate  gasification 
regime. 

The  most  of  the  reference  parameters  for  calculations  were  chosen  on  the  bctsis  of  literature 
data  for  nitramines:  Ac  =  2.31  10“®  WIcmK  Cp  =  Cc  =  l.26JlgK  Ac  =  10^®®,  Ec  = 
198000 J/mo/  Qc  =  2520 J/^,  Qm  =  160 J/^  =  477i^  'i;  X  =  470 J/^  Tt  = 

mK  1®;  Ai  =  =  147400J/mo/,  A^  =  8.4  lO"'*  W/cmK 

Several  parameters  were  chosen  from  a  condition  of  best  correspondence  to  experimental  data 
on  burning  rate  for  RDX  under  pressure  lower  than  0.5  MPa^®:  Qi  =  420 J/^,  A2  =  10^®*^,  E2  = 
99750 J/mo/,  Q2  =  2980 J/^,  D  =  O.lbcm^/s.  Initial  calculations  were  conducted  for  opaque 
material. 

When  ignited  with  relatively  high  constant  radiant  flux  {qj.  =  83.3  W/cm^)y  the  reference  propel¬ 
lant  reacts  in  gasification  regime  with  weak  heat  feedback  from  the  gas  phase.  Being  subjected  to 
oscillating  irradiation  with  Aqriqo  =  0.15  and  qo  =  83.3  W/cm'^  the  propellant  exhibits  unusual 
response  from  the  point  of  view  of  typical  transient  combustion  behavior  for  non-evaporated 
energetic  materials  with  non- const  ant  surface  temperature  (see  Table  1). 
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Table  1 

Characteristics  of  Recoil  Response  Function  in  Gasification  Regime  {a  =  oo) 


/, 

2 

5 

12 

50 

(AF/F){golAq.) 

0.959 

1.239 

1.413 

1.450 

Phase  shift 

■fl8^ 

+14.4" 

+7.2" 

+3.6" 

More  correctly,  the  results  of  calculations  correspond  qualitatively  to  expected  ones  in  case  of 
forced  pyrolysis  of  inert  evaporated  material.  It  follows  from  the  analysis  of  solution  of  the 
linearized  problem: 


dT  ,  ^.dT 


A 


d^T 

dz^ 


m{t)  =  [qr(t)  +  A— (0,t)]/I 

^(O,  t)  =  Ts  =  const,  T{oo,t)  =  Tq,  qr{t)  —  qo~\-  exp{iut) 

Jl  —  -  _ (/  +  i)2n _ 

'  'ir  +  vT+iTfi) 

n  =  ^{X/cp)lrl,  1=  -  - 

Cyl  s  Iq) 

^0)  ~  iQ{l  +  1),  i?  g(w— t-oo)  — ^  1  +  \/l 


It  is  seen  from  the  expression  for  Rq  that  in  the  limit  of  zero  frequency  the  modulus  of  Rg  equals 
zero  and  phase  shift  equals  7r/2.  With  increasing  frequency  of  oscillations  the  Rq  modulus 
approaches  monotonously  (1  +  I /I)  but  phase  shift  diminishes  up  to  zero. 


Thus,  the  evaporated  opaque  propellant  with  relatively  slow  kinetics  in  gas  phase  and  weak  heat 
release  in  condensed  phase  exhibits  trivial  combustion  response  to  oscillating  irradiation.  It  was 
of  interest  to  study  the  effect  of  transparency  of  the  material  on  its  combustion  behavior. 


The  calculations  revealed  drastic  change  in  qualitative  behavior  of  combustion  response  to  os¬ 
cillating  irradiation.  In  addition,  it  was  revealed  strong  dependence  of  transient  combustion 
behavior  on  transparency  of  the  condensed  phase.  The  reason  for  this  is  high  sensitivity  of 
combustion  stability  of  evaporated  EM  on  transparency  of  the  material.  Special  estimates  have 
shown  that  with  given  extinction  coefficient  there  are  lowest  and  upper  limiting  values  of  radiant 
flux  allowing  stable  combust  ion.  Therefore,  if  oscillating  combustion  response  is  tested  near  the 
boundary  of  stable  combustion  it  may  lead  to  unsteady  combustion  of  propellant  under  study. 
The  numerical  tests  made  with  different  extinction  coefficients  keeping  the  same  parameters  of 
oscillating  radiant  flux  (^o  =  83.3  W/cm'^  and  Aqr/qo  =  0.15)  demonstrated  this  effect.  Table  2 
presents  data  on  combustion  response  for  propellant  with  a  =  2000  cm"^ . 


Table  2 

Characteristics  of  Recoil  Response  Function  in  Gasification  Regime  (a  =  2000  cm“^) 


/,  Hz 

2 

5 

12 

20 

50 

200 

iAF/F}(qo/Ag,) 

0.961 

1.213 

1.476 

1.586 

1.261 

Phase  shift,  rnax 

+14.4" 

+21.6" 

+14.4" 

~  0" 

1 

O 

-14,4" 

Phase  shift,  rt,  min 

+14.4" 

+10.8" 

+7.7" 

0" 

o 

-10.8" 

It  is  seen  that  in  contrast  to  data  for  a  =  oo  the  recoil  response  function  exhibits  resonance-type 
behavior  with  maximum  of  response  at  frequency  20  Hz  and  with  changing  the  sign  of  phase  shift 
lag  at  the  same  frequency.  Another  important  feature  of  transient  recoil  behavior  for  transparent 
propellant  is  that  the  phase  shift  is  different  for  maximum  and  minimum  of  burning  rate.  This  is 
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a  consequence  of  nonlinear  response  of  combustion  to  finite  amplitude  perturbations  of  external 
heat  flux. 

The  value  of  the  lowest  radiant  flux  for  stable  combustion  of  propellant  with  a  =  2000  cm~^ 
equals  32  Wlcw?.  With  a  =  1000  cm~^  the  lowest  radiant  flux  equals  70  WIcrn?  that  is  more 
close  to  the  boundary  of  stable  combustion  if  using  the  same  qo  —  83.3  WIcm?.  The  data  on 
combustion  response  for  propellant  with  a  =  1000  cm“^  are  presented  in  Table  3. 


Table  3 

Characteristics  of  Recoil  Response  Function  in  Gasification  Regime  {a  =  1000  cm~^) 


/,  Hz 

2 

5 

10 

12 

30 

50 

{AFIF){qolAg,) 

1.008 

1.382 

2.347 

CO 

2.34 

1.472 

P HqSG  max 

+21.6° 

+28.8° 

+39.6° 

o 

-43.2° 

Phase  shift,  n,  min 

+21.6° 

+18° 

+10.8° 

-18° 

-32.4° 

A  distinctive  feature  of  radiation  driven  oscillating  combustion  of  propellant  with  a  =  1000  cm~^ 
is  pronounced  unstable  behavior  at  resonance  frequency.  In  the  vicinity  of  this  frequency  the 
oscillations  of  burning  rate,  started  with  relatively  small  amplitude,  increase  their  amplitude 
with  time  that  finally  leads  to  failure  of  computations.  Diminishing  spatial  and  time  steps  does 
not  improve  situation  because  this  behavior  is  caused  by  the  loss  of  combustion  stability  at  high 
amplitude  of  oscillations. 

To  obtain  more  detailed  information  about  oscillating  combustion  behavior  in  the  vicinity  of  res¬ 
onance  frequency  one  may  decrease  the  magnitude  of  perturbations  of  radiant  flux.  Calculations 
made  with  Aqr/qo  =  0.05  (instead  of  0.15)  gave  at  f  =  12  Hz  finite  value  of  recoil  response, 
(AF/F){qQ/Aqr)  =  2.18  and  appropriate  values  of  phase  shift:  Phase  shift,  max  =  +25°; 
Phase  shift,  mm  =  +14.4°. 


The  limitations  of  the  model. 

Describing  the  model  we  have  underlined  its  weak  point.  The  assumption  on  effective  gas  removal 
from  reaction  zone  in  the  liquid  phase  can  be  fulfilled  in  a  very  restricted  number  of  cases.  The 
particular  mechanisms  of  gas  removal  and  its  possible  influence  on  heat-and-mass  transfer  in  the 
reaction  zone  should  be  discussed  and  elaborated. 

Several  mechanisms  of  gas  removal  may  be  considered:  1)  by  bubbles  motion  due  to  the 
Marangoni  effect  or  due  to  their  diffusion  to  the  surface;  2)  by  convective  diffusion  of  dissolved 
gas  caused  by  the  motion  of  bubbles;  3)  by  gas  jets.  Obviously,  when  the  formation  of  bubbles 
or  gas  jets  is  considered  it  becomes  necessary  to  analyze  the  subsurface  layer  sructure  and  to 
derive  the  dependence  of  subsurface  layer  density  on  problem  parameters. 

It  was  experimentally  established  that  for  several  EM  there  is  a  range  of  parameters  where  the 
rate  controlling  zone  is  in  the  liquid  surface  layer  (e.g.,  this  holds  for  hexogen  and  octogen  at 
p  >  5  MPa).^®  In  this  case,  the  discrepancy  between  the  model  and  a  physical  pattern  described 
by  this  model  arises. 

The  heat  balance  is  fulfilled  on  the  liquid-gas  interface 

qg  =  Lmycs  +  qc  (9) 

Here  qg,  qc  are  the  heat  fluxes  from  gas  to  surface  and  from  surface  into  the  bulk  of  liquid, 
respectively;  Lmycs  is  the  heat  loss  due  to  evaporation.  It  is  reported  that  with  P  —  ^  MPa  for 
RDX  heat  feedback  from  gas  qgim  ^  113 J/p,  while  evaporation  heat  L  470 As  follows 
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from  Eq.(9),  even  at  =  0.3  (liquid  phase  depletion  by  70%)  the  qc  value  must  be  negative, 
i.e.  the  heat  should  be  supplied  to  the  surface  from  the  bulk  of  liquid.  According  to  the  Fourier 
law  this  means  that  the  temperature  maximum  must  occur  beneath  the  burning  surface. 

The  attempts  to  numerically  simulate  the  combustion  regimes  with  evaporation  on  the  surface 
and  with  the  rate  controlling  zone  in  liquid  layer  have  confirmed  the  existence  of  temperature 
maximum  in  the  bulk  of  material  but  only  in  nonsteady-state  regime  which  quenched  after  series 
of  flashes.  The  analytical  study  of  the  model  by  the  method  of  small  perturbations  has  verified 
the  instability  of  these  combustion  regimes.^^ 


Concluding  remarks 

As  it  was  stated  in  Introduction  the  goal  of  this  study  was  to  create  rather  simple  but  informative 
model  for  transient  combustion  of  evaporated  energetic  materials.  At  present  the  model  has 
been  formulated  and  some  numerical  tests  have  been  fulfilled.  Validation  and  step-by-step 
improvement  of  the  model  can  be  achieved  by  comparison  with  experimental  data. 

However,  such  comparison  should  be  accompanied  with  thorough  analysis  of  the  experimental 
data.  In  fact,  the  available  experimental  data  are  obtained  with  EM  of  different  sources  having 
different  purity  and  density  that  leads  to  significant  scatter  in  experimental  results.  When 
changing  floating  parameters  in  the  model  (first  of  all,  global  kinetics  parameters),  it  is  relatively 
easy  to  fit  published  in  the  literature  data  on  burning  rate  dependencies  on  pressure  and  initial 
temperature.  However,  it  does  not  guarantee  the  ability  of  model  to  predict  adequately  transient 
combustion  behavior  and  adequacy  of  predictions  for  substances  with  the  same  title. 

Unfortunately,  there  is  a  lack  of  detailed  and  reliable  experimental  data  on  transient  radiation 
driven  combustion  of  evaporated  EM  that  prevents  direct  comparison  between  theoretical  and 
experimental  results.  Therefore  the  main  attention  in  this  study  was  paid  to  understanding 
the  effects  of  kinetic  parameters  and  external  factors  on  qualitative  combustion  behavior  of 
evaporated  EM. 

It  has  been  shown  that  depending  on  kinetic  parameters  and  temporal  behavior  of  a  radiant 
flux  an  ignition  of  evaporated  EM  with  two  global  exothermic  gas  phase  reactions  may  occur 
in  one-,  two-,  and  three-stages.  Obviously,  the  number  of  stages  depends  on  the  number  of 
global  reactions  under  consideration.  It  means  that  the  experimental  data,  if  available,  may  give 
reliable  background  for  choosing  the  global  kinetic  mechanism  for  particular  EM  in  specified 
conditions  of  combustion. 

Another  finding  of  this  study  is  that  the  radiation  driven  combustion  of  evaporated  EM  may 
occur  in  gasification  regime,  i.e.  with  negligible  heat  feedback  from  the  gas  phase.  The  rea¬ 
son  for  such  behavior  is  rather  simple:  with  sufficiently  high  velocity  of  gases  issued  from  the 
surface  characteristic  reaction  time  in  gas  products  becomes  larger  hydrodynamic  time  that 
prevents  development  of  exothermic  reactions  in  close  vicinity  of  the  regressing  surface.  When 
realized  in  experiments,  the  steady-state  radiation  driven  gasification  regime  may  serve  a  source 
of  important  information  on  global  kinetics  of  reaction  in  the  condensed  phase. 

Valuable  information  can  be  obtained  in  experiments  with  measurement  of  combustion  response 
to  time-dependent  external  radiant  flux.  Theoretical  study  of  such  response  should  be  extended 
to  the  case  of  step-wise  time  history  of  radiant  flux  and  be  accompanied  with  analytical  inves¬ 
tigations  in  order  to  generalize  theoretical  predictions.  At  the  same  time,  there  is  an  urgent 
task  of  developing  comprehensive  experimental  approaches  and  techniques  to  obtain  reliable 
quantitative  data  on  transient  combustion  response  of  EM  under  study. 
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APPENDIX 


Let  choose  movable  coordinate  system  (a;,  t)  attached  to  the  burning  surface  to  derive  the  system 
of  equations  describing  heat  propagation  in  the  condensed  phase; 

a)  solid  state  3;  <  xr) 


CcPc[-^  -  ^h-^)  =  +  qr{t)aexp{-ax) 

Tc{x,0)  =  To,  Tc{xm,t)  =  Tm,  ^X  X  -  Xr  dTcjdx  -  0 

b)  liquid  state  (0  <  a;  < 

8T  BT  FfT 

CcPc{^  -  +  ^r(t)aexp(-aa;) 

f^Vc  ^yc\ 

-  Qc^Cf  ~  -^c/^cyc  6Xp(  Ecj RTc) 

yc[xm,t)  =  1,  rc(x,0)  -  To 

Tc{Xm,t)  =  Tm,  -K^\x=Xm-0  =  “Ac^|x=r„,+0  +  QmVmPc 


II 

III 

IV 


Assume  that  the  condensed  phcise  reaction  produces  combustible  gas  and  there  are  3  components 
in  the  gas  phase:  vapor,  combustible  gas,  and  final  combustion  product.  The  vapor  decomposes 
in  the  reaction  of  a  1st  order  and  generates  combustible  gas  the  chemical  transformation  of  which 
follows  the  reaction  of  a  2nd  order  yielding  final  combustion  product.  The  temperature  of  the 
components  is  uniform  at  the  given  point  of  space. 

The  system  of  equations  for  gas  phase  is  as  follows  (x^  <  x  <  0): 


cAjj:  +  iv-n-J2  a +  4>i  +  4-2 


c 

i=l 


_  d 

dx  ^  dx 

dy2~.  d 


{pD,^)-02, 

dy2 


^  /  n  I 


dp  dp  d{pv) 

dt  ^dx^  dx 

p  =  RpTfM 


=  0 


1  ^  yi  t/2  ^3 

M  M,  M2  Mz 

$1  =  Q\LOi,  $2  =  Q2^2 


uji  =  Aipyi  exp{-Ei/RT),  0^2  =  exp(-E2/i?r) 

M2 

T(x,  0)  =  To,  yi{x,  0)  =  y2(x,  0)  =  0 
at  X  =  Xi^  dTjdx  -  dyi/dx  =  dy2ldx  ~  0 


V 

VI 

VII 

VIII 

IX 
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Boundary  conditions  at  x  =  0  are  as  follows: 


dT 

^dx 


i=-0 


,  dT, 

ox 


+  -  VcsPcnL 


a;=+0 

dy^ 


u  y\ 

-p{V  -  rb)yu  +  -  PcnVcs 

-p{V  -  n)y2s  +  =  Pcn{i  -  Vcs) 


p[V  -  n)  =  -Pen, 


Ml 

2/is  =  ^exp 


LM\  ,  \  1^1 

~T^Ts~ 


Mass  fraction  of  the  combustion  product  and  its  effective  diffusion  coefficient  are  determined  on 
the  basis  of  mass  conservation  equation  and  condition  of  zero  sum  of  individual  diffusion  fluxes: 


+  J/2  +  2/3  —  1: 


Z).|!l  +  Rfe  +  B.§5  =  0 

ax  ox  ox 


In  order  to  solve  numerically  the  problem  I-IX  with  closing  initial  and  boundary  conditions 
a  spatial  domain  xl  <  x  <  xr  should  be  chosen  on  the  basis  of  physical  considerations  or 
numerical  experiment. 


Nomenclature 


t  -  time  [s] 

X  -  spatial  coordinate  [cm] 
rfc  -  burning  rate  [cm/s], 

V  -  gas  velocity  [cm/s], 

T  -  temperature  [K], 
p  -  density  [g/cm^], 
p  -  pressure  [MPa], 
yi  -  mass  fraction  of  species  i, 

Cc  -  specific  heat  of  condensed  phase  [J/(g-/f)], 

Cpi  -  constant-pressure  heat  capacity  of  species  i  [3/{g-K)], 

X  -  thermal  conductivity  [W/(cm-A")], 

Q  -  heat  release  per  unit  mass  [J/g], 

Mi  -  molecular  weight  of  species  i  [g/mol], 

R  ~  universal  gas  constant  [J/(mol-/<)], 

L  -  latent  heat  of  evaporation  [J/g], 

A  -  pre-exponential  factor  of  rate  constant  {Ai  ~  [1/s],  A2  ~  [cm^/ (mol- s)], 

E  -  energy  of  activation  [J/mol], 

D  -  diffusion  coefficient  [cm^/s], 
q  -  external  heat  flux  [W/cm^)], 
f  -  frequency  of  oscillations  [1/s], 
q:  -  extinction  coefficient  in  the  Beer  law  [1/cm]. 

Subscripts 

c  -  parameters  of  the  condensed  phase,  1,  2,  3  -  species  in  a  gas  phase,  s  -  propellant  surface,  m 
-  the  melting  point.  0  corresponds  to  the  initial  condition.  Variables  without  index  correspond 
to  the  bulk  of  gas. 
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ABSTRACT:  Poly  disperse  octane  fuel  droplet  clusters  preheating,  igniting,  and  combust¬ 
ing  in  a  hot  environment  are  simulated  to  the  probability  of  anomalous  group  combustion  in 
premixed  clusters  in  the  broad  ranges  of  initial  group  combustion  number  and  cluster  sto¬ 
ichiometry.  Numerical  analysis  employs  updated  droplet  laws  accounting  for  the  effects  of 
relative  motion  and  drop- drop  interaction.  The  results  reveal  that  the  establishment  of  a 
single  flame  generally  suffers  flame  bifurcation  by  which  the  inner  flame  propagates  into  the 
cluster  interior  and  the  other  branch  propagates  into  the  exterior  of  the  cluster.  The  appear¬ 
ance  of  external  flame  in  low-G  clusters  and  the  inward  propagation  of  the  premixed  flame 
into  the  cluster  for  intermediate  to  high-G  clusters  are  perceived  to  be  a  possible  mechanism 
of  the  anomaly  observed  in  the  recent  experimental  observation.  Numerical  analysis  reveals 
pronounced  anomalous  group  combustion  occurring  in  a  broad  range  of  initial  group  combus¬ 
tion  numbers  when  the  cluster  initial  equivalence  ratio  is  0.5  to  50  for  a  cluster  with  a  1cm 
radius. 


l.INTRODUCTION 

Utilization  of  liquid  fuel  in  broad  areas  of  human  activities  has  brought  world  wide  attention 
to  questions  about  the  future  energy  reserve,  environmental  pollution,  and  global  economic 
issues  related  to  petroleum  resources.  These  concerns  have  promoted  extensive  research  and 
development  programs  devoted  to  an  efficient  and  clean  utilization  of  liquid  fuel  through 
better  understanding  of  the  nature  of  combustion  which  would  then  facilitate  the  design  and 
development  of  improved  spray  combustion  systems. 

One  basic  development  in  liquid  fuel  combustion  is  the  concept  of  group  combustion,  which 
classifies  the  burning  of  practical  sprays  into  sheath  combustion,  external,  and  internal  group 
modes,  and  dropwise  combustion,  according  to  the  extent  of  collective  interaction  among  the 
droplets  and  their  environment  (Chiu  et  al.  [1-3],  and  Kuo  [4]).  Each  combustion  mode  exhibits 
different  burning  characteristics  and  performance.  Many  aspects  of  the  group  combustion  of 
fuel  spravs  and  fuel  droplet  clouds  have  been  reported  over  the  past  decades,  see  for  example 
[5-9], 

In  a  series  of  experimental  investigations  on  turbulent  premixed  sprays,  Mizutani  and  coworkers 
compared  the  spectra  of  OH  and  CH  light  emissions  with  those  of  Mie  scatterings  of  droplets 
from  clusters  in  a  premixed  turbulent  spray  [10,11].  Their  experimental  results,  which  provided 
evidence  of  excitation  and  transition  of  the  group  combustion  modes,  along  with  correlations 
relating  the  excited  group  combustion  modes  to  the  corresponding  group  combustion  numbers, 
are  found  to  be  in  good  qualitative  agreement  with  the  theoretical  predictions  of  Chiu  et  al.  [1- 
3]-  However,  Chiu  and  Lin  observed  that  there  are  distinct  discrepancies  between  the  results  of 
the  experimental  measurement  and  the  analytical  model  [12].  For  example,  the  experimental 
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data  [11],  reveals  that  although  90%  of  the  clusters  with  high  group  combustion  numbers 
burn  as  external  group  flames,  as  predicted  by  theoretical  analysis,  yet  nearly  10%  of  these 
high  clusters  burn  as  an  internal  group  flames.  Likewise,  the  experimental  results  also  reveal 
that  the  majority  of  low-group  combustion  number  clusters  burn  as  internal  group  flames, 
as  analytically  predicted,  but  a  small  fraction  of  clusters  combust  as  external  group  flames. 
Chiu  and  Lin  demonstrated  that  there  is  anomalous  behavior  in  the  transient  combustion  of  a 
premixed  cluster  [12],  in  which  captured  air  in  the  cluster  and  a  gasified  vapor  initiate  in  the 
interior  and  exterior  of  the  cluster  simultaneously  upon  the  splitting  of  an  initial  flame.  These 
dual  bifurcated  flames  in  the  exterior  and  interior  of  the  cluster  are  termed  ‘‘anomalous  group 
combustion,”  which  is  predicted  to  occur  in  practical  premixed  sprays  [12].  Anomalous  group 
combustion  is  perceived  to  be  a  basic  process  preceding  quasi-steady  state  group  combustion 
of  droplet  clusters.  However,  this  study  does  not  examine  the  probability  of  the  appearence 
of  anomalous  group  combustion. 

The  objectives  of  this  paper  are  (1)  to  examine  the  probability  of  the  occurrence  of  anomalous 
combustion  behavior  of  premixed  clusters  in  broad  ranges  of  initial  group  combustion  numbers 
and  cluster  mixture  ratios  and  (2)  to  examine  the  transition  from  anomalous  group  combustion 
to  normal  group  combustion.  Our  numerical  simulation  of  the  transient  processes  involves 
ignition,  flame  spreading,  splitting  of  a  combustion  zone  into  a  dual  flame  configuration,  and 
the  ultimate  transition  to  quasi-steady  group  combustion.  This  is  followed  by  an  extensive 
numerical  simulation  to  facilitate  the  identification  of  various  anomalous  group  combustion 
modes  and  the  probability  of  the  excitation  of  anomalous  modes  in  a  broad  range  of  group 
combustion  numbers  and  initial  fuel/air  ratios  of  clusters. 

This  paper  concludes  with  a  comment  on  the  need  for  future  experimental  and  analytical 
research  on  the  validation  of  the  anomalous  behavior  in  many  cluster  systems  in  practical 
turbulent  sprays. 


2.THEORETICAL  DESCRIPTIONS 

The  present  analysis  adopts  a  two-phase  flow  model  for  the  description  of  the  transient  com¬ 
bustion  processes  of  a  spherical  droplet  cluster,  thus  preserving  point  symmetry  exposed  in 
a  hot.  stationary  environment.  The  governing  equations  for  the  gas  and  liquid  phase  consist 
of  time-dependent  conservation  laws  supplemented  by  major  physico-chemical  processes  de¬ 
scribing  interphase  exchange  behavior  between  gas  and  dispersed  phases.  In  particular,  major 
criteria  required  for  the  identification  of  droplet  states,  and  updated  laws  of  droplets  account¬ 
ing  for  the  effects  of  drop-drop  interaction  and  convective  motion  are  adopted.  For  details  of 
the  mathematical  description,  one  presented  in  [12]  and  will  not  be  reprovided  here. 

Main  Fiame 


Figure  1.  Schematic  diagram  and  grid  system  for 
both  gas  and  liquid  phase  of  a  droplet  cloud 
in  a  hot  environment 


1027 


3.NUMERICAL  METHOD 


A  numerical  method  based  on  control  volume  formalism  is  used  in  this  work.  The  first  step  is 
the  formulation  of  the  discretized  algebraic  equations.  Then  the  power-law  scheme  in  conjunc¬ 
tion  with  a  staggered  grid  system  is  employed  to  avoid  zigzag  pressure  field  and  gas  velocity 
distributions.  Subsequently,  the  SIMPLER  algorithm  [13],  incorporated  with  the  TDMA 
(Tri Diagonal- Matrix  Algorithm)  method,  is  used  to  solve  the  algebraic  equations.  The  grid 
system  inside  and  outside  the  droplet  cluster  is  shown  in  Fig.l.  Time-step  size  of  10~^sec, 
which  is  smaller  than  the  smallest  characteristic  time  involved,  is  used.  The  grid  size  is  ^ 
inside  the  initial  droplet  cluster,  and  the  grid  size  outside  the  initial  droplet  cluster  is  calcu¬ 
lated  according  to  r(2)  =  r(i  —  1)  -(-  ^  x  (z  —  1).  All  the  numerical  results  obtained  in  the 
analysis  are  checked  for  their  dependence  on  grid  size,  time-step,  and  convergence  criteria. 
Furthermore,  the  temperature  dependence  of  the  heat  conductivity,  the  viscosity,  and  the  dif¬ 
fusion  coefficient  used  by  Reid  [14],  are  adopted  in  this  analysis  to  treat  the  effects  of  variable 
properties. 

Droplets  in  a  cluster  which  is  initially  at  room  temperature,  are  suddenly  exposed  to  an 
elevated  temperature,  Too,  at  t  =  0"^.  The  temperature  and  oxidizer  concentration  at  r  — ^  oo 
are  To©  and  T'oi.oo?  respectively.  Since  the  flow  structure  preserves  spherical  symmetry,  all  the 
derivatives  of  flow  variables  vanish  at  r  =  0. 

4.EVOLUTIONARY  ANOMALOUS  GROUP  COMBUSTION 
IN  PREMIXED  CLUSTERS 

Numerical  analysis  is  conducted  to  examine  the  transient  dual  combustion  characteristics  of 
three  selected  clusters  wdth  the  same  initial  group  combustion  number  but  different  cluster 
equivalence  ratios.  These  cluster  equivalence  ratios  consist  of  polydisperse  octane  droplets 
with  a  2cm  diameter,  Table  1  show^s  the  operating  conditions  for  three  clusters. 


TABLE  1 

Summary  of  Premixed  Clusters  Selected  for  Parametric  Study 


Case 

D30,o(^7?i) 

nk,o{cm~^) 

Tao{K) 

Go 

<f>c£,0 

ruf  X  lO^(p) 

A 

60 

476 

1200 

50 

1.8 

1.5 

B 

100 

286 

1200 

50 

5.2 

4.3 

C 

200 

143 

1200 

50 

10.5 

8.6 

Group  combustion  number  G{t)  is  defined  by 


G{t)  = 


midV 

Jec  VYoxdS 


and  the  cluster  equivalence  ratio  is  given  by 


(4.1) 


^c^,0  ~ 


rrif 


rriaYn 


MqX 

m7 


I// 


) 


(4.2) 


in  which  rria  is  the  mass  of  captured  air,  and  m/  is  the  total  mass  of  liquid  fuel  inside  the 
cluster  at  the  initial  state. 

The  detailed  evolutional  behavior  of  clusters  with  different  cluster  equivalence  ratios  is  pre¬ 
sented  in  the  following  subsections. 


Cluster  Gasification,  Consumption,  and  Ignition 
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Figure.  2  Total  evaporation  rate  (m)  vs.  time  (t) 
for  cases  A,  B,  C. 


Figure  3.  Maximum  gas  temperature(T^^)  and  fuel 
consumption  rate(a).j.)  vs.  time  (t)  for  cases  A,B,C. 


The  time  history  of  the  gasification  rates  of  three  clusters,  and  the  variations  in  the  maximum 
temperature  achieved  in  the  field,  and  the  fuel  consumption  rate  are  presented  in  Fig. 2  and 
3,  respectively.  Gasification  starts  earlier  for  the  low-^c^^o  cluster  than  it  does  in  the  fuel-rich 
clusters  because  of  the  smaller  droplet  size  and  a  shorter  preheating  time  in  the  former.  The 
ignition  of  a  cluster  is  marked  by  sharp  rises  in  both  fuel  consumption  rate  and  maximum 
gas  temperature,  as  shown  in  Fig. 3.  One  finds  that  the  ignition  delay  and  fuel  consumption 
increztse  with  the  increase  of  <pct,Q-,  which  is  due  to  large  droplets  and  a  long  preheating  time. 
This  makes  the  gasification  slower  in  the  initial  state,  but  also  make  it  increase  after  ignition. 
Figure  3  shows  the  time  periods  of  dual  and  quasi-steady  combustion  in  cluster  C  according 
to  the  variation  of  the  fuel  consumption  rate.  Dual  combustion  is  marked  by  a  brief  period 
of  a  distinctly  high  fuel  consumption  rate  immediately  after  ignition.  The  ratio  of  the  time 
period  in  dual  and  total  combustion  is  defined  as  PdCi  i-^-  Pdc  =  '^Dcl'^totaU  which  has  an 
important  effect  on  the  probability  of  anomalous  group  combustion,  as  is  discussed  later. 

Low-0c£,o  Cluster 

The  transient  behavior  of  low-<;6c£,o  cluster  A  is  summarized  below. 

Preheating  and  vaporization  Figure  4(a)  shows  that  at  t  =  0.016sec,  the  zone  of  preheating 
and  vaporization  spreads  over  the  cluster,  and  the  ut  distribution  suggests  that  a  weak  reaction 
occurs  at  this  time. 
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(a)  Case  A 


(b)  CaseB 


(c)  Case  C 

Fig. 4  Fuel  consumption  rate(c[)jj,0)  ,co.j,=ci>^+co  )  distributions  and  the  contribution  of  concentration([fu][ox]) 
gas  temperature(exp(-E/RTg))  on  coj  during  the  evolution  processes  of  a  droplet  cluster  in  a  hot  environment 
Cluster  boundary  indicated. 
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Ignition  and  flame  spreading  Figure  4(a)  reveals  that  at  t  =  0.016sec,  the  flame  is  initiated 
inside  the  cluster.  Subsequently,  the  flame  front  also  propagates  outwardly  to  burn  as  a 
diffusion  flame,  which  also  burns  inside  the  cluster. 

Normal  external  group  combustion  The  concentration  of  captured  air  decreases  to  a  low'  level 
at  t  =  0.022sec,  result  in  the  reduction  in  the  internal  combustion  intensity  whereas  an  external 
group  combustion  becomes  the  primary  mechanism.  Note  that  the  average  droplet  number 
density  at  this  time  is  about  15  dropjc.c.. 

External  group  combustion  At  t  =  0.0265ec,  the  internal  group  flame  extinguishes,  whereas 
the  external  group  flame  continues  to  burn  until  all  the  droplets  are  consumed. 

High-(?!)c£,o  Clusters 

The  transient  behavior  and  the  combustion  structure  of  moderately  high-(ji>c^^o  cluster  B  and 
high-^c€,o  cluster  C  are  both  affected  by  droplet  state  modulation  due  to  collective  interaction. 
Their  combustion  behaviors  and  structures  are  compared  below. 

Preheating  and  vaporization  Time  histories  of  the  evaporation  rates  of  clusters  B  and  C  show 
that  the  peak  gasification  of  cluster  B  is  0.028^/s,  whereas  the  corresponding  values  of  cluster 
C  are  0. 032^/6,  as  shown  in  Fig. 2.  Note  that  cluster  C  is  the  last  to  begin  gasification  among 
these  selected  clusters,  because  larger  droplets  in  cluster  C  have  a  longer  preheating  time. 
Ignition  and  flame  spreading  Non- dilute  clusters  B  and  C  are  ignited  in  the  exterior  space  of 
the  cluster.  The  ignition  delay  for  cluster  B  and  C  are  0.0446ec  and  0.068sec,  respectively, 
see  Figs. 2,  3.  Figure  4(b)  for  cluster  B  shows  that  at  t  =  0.04sec  the  reaction  zone  spreads 
outwardly  to  r/Rc  =  1.2  and  inwardly  to  the  cluster  core.  The  reaction  zone  does  not  penetrate 
into  cluster  C,  Fig.4(c)(t=0.066sec),  because  the  fuel  rich  cluster  acts  as  a  strong  heat  sink 
and  a  source  of  the  formation  of  fuel  rich  mixture. 

Flame  splitting  and  dual  combustion  Observation  of  cluster  B^  Fig.4(b),  at  t  =  0.044sec, 
reveals  that  the  outwardly  propagating  flame  front  and  the  inwardly  propagating  flame  zone  are 
sufficiently  separated  so  that  the  original  thick  flame  progressively  splits  into  two  flames  from 
the  distribution  of  exp{-EIRTg )  and  lot-  The  outer  flame  is  a  group  flame  primarily  supported 
by  the  air  transported  from  the  environment,  as  is  shown  by  the  oxidizer  concentration  gradient 
present  near  the  flame  front.  In  contrast,  the  inner  flame  is  a  premixed  type  combustion 
involving  both  gas  and  droplet  phase  combustion.  Although  G  =  16.7  at  this  moment,  it  is 
clear  that  combustion  still  takes  place  inside  the  cluster.  The  dual  combustion,  i.e.  interior  and 
exterior  combustion  in  this  cluster,  is  also  a  prospective  source  of  anomalous  group  combustion 
for  the  moderately  dense  clusters  observed  in  experimental  measurements. 

Cluster  C,  Fig.4(c),  at  t  =  0.068sec  has  an  outer  diffusion  controlled  flame  and  an  inner 
premixed  flame.  Note  that  the  drop-phase  reaction  rate  for  cluster  C  is  larger  than  that  of 
cluster  B,  because  of  its  larger  droplets. 

Depletion  of  captured  air  and  normal  external  group  combustion  For  cluster  B,  Fig.4(b),  the 
depletion  of  captured  air  which  occurs  slightly  after  t  =  0.048sec  marks  the  termination  of  the 
premixed  interior  flame.  The  outer  flame,  however,  continues  to  burn  as  a  normal  external 
group  flame.  The  above  phenomena  happens  in  cluster  C  at  t  =  0.08sec.  The  flame  outside 
the  cluster,  nevertheless,  continues  to  burn  as  a  normal  external  group  flame  at  r/Rc  ^  lA 
for  cluster  B  and  at  r/Rc  ~  1.5  for  cluster  C. 

Probability  of  Anomalous  Group  Combustion  (Pag) 

According  to  the  previous  study,  the  probability  of  exhibiting  anomalous  group  combustion 
during  cluster  combustion  [12],  Pag-,  is  defined  in  terms  of  the  ratio  of  the  characteristic  time 
of  exterior  and  interior  combustion  to  that  of  total  combustion  time.  Figure  5  shows  the  inner 
and  outer  flame  location  and  cluster  boundary  vs.  time  for  a  special  case.  The  result  reveals 
that  the  outer  flame  is  always  outside  the  cluster,  tio  is  defined  as  the  time  interval  when 
Rfo  >  Rc  and  Rji  <  Rc,  i-e.  the  time  where  anomalous  group  combustion  may  occur;  tdc 
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is  defined  as  the  time  interval  when  both  outer  and  inner  flames  exist;  and  is  the  total 
combustion  time.  By  the  above  definitions, 


Pag  =  ^Pdc,  where  €  =  t.oItdc  (4.3) 

The  definition  of  Poc  is  shown  in  Fig. 3.  Further  calculation  of  Pag  vs.  4>c£,q  for  different 
group  combustion  numbers  according  to  Eq.(4.3)  is  shown  in  Fig. 6,  which  reveals  that  Pag 
is  relatively  low  in  the  1ow-c;Dc^,o  and  high-^c^,o  regions,  due  to  the  short  tdc  and  long 
respectively.  It  is  of  particular  interest  to  note  that  rich  clusters,  (f>c£,Q  >  10,  with  higher  group 
combustion  numbers  appear  to  have  a  higher  probability  of  anomalous  group  combustion. 
However,  1.2  <  <  2.0  clusters  with  initial  group  combustion  numbers  lower  than  50 

appear  to  have  a  higher  probability  of  anomalous  group  combustion  than  clusters  with  high 
group  combustion  numbers.  This  latter  trend  is  attributed  to  the  increase  of  total  combustion 
time  for  high-(?  clusters. 


Figure  5.  Outer  flame  location(R,^  and  inner  flame  location(Rfj)  vs.  time 
is  the  time  interval  when  Rfn>R^,  and  Rfi<Rc>  '^dc  interval  when 

outer  and  inner  flame  both  exists,  is  ^e  total  combustion  time  for  the  cluster 


Define  E  =  ^  ^  =  e 

‘'DC  •'totaJ 
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5.CONCLUSIONS 


This  study  indicates  that  the  transient  dual  combustion  process  involving  simultaneous  exci¬ 
tation  of  dual  combustion  modes  in  the  exterior  and  interior  of  clusters  is  a  principal  source  of 
anomalous  group  combustion  in  the  clusters  formed  in  a  premixed  spray,  as  is  experimentally 
observed.  The  study  also  identifies  two  types  of  combustion  which  occur  in  dual  combustion: 
(1)  a  premix  dominated  combustion  initiated  by  the  combustion  of  air  captured  with  the  fuel 
vapor  produced  during  the  pre-ignition  period;  and  (2)  a  primarily  diffusion- controlled  flame 
that  consumes  the  air  transported  by  diffusion,  and  the  fuel  vapor  produced  by  sustained 
gasification. 

It  is  further  established  that  anomalous  group  combustion  occurs  in  clusters  whose  initial 
group  combustion  numbers  are  within  a  range  of  critical  values  determined  by  the  cluster 
configuration,  stoichiometry,  and  temperature,  and  the  probability  of  anomalous  group  com¬ 
bustion  is  defined  in  consistence  with  the  physical  phenomena,  i.e.  very  dense  clusters  with 
a  cluster  equivalence  ratio  >>  1  do  not  exhibit  anomalous  combustion,  because  the  sheath 
phenomenon  which  limits  vaporization  to  droplets  near  the  edge  of  the  cluster  precludes  clus¬ 
ter  interior  combustion.  On  the  other  hand,  very  dilute  clusters  burn  out  without  external 
group  combustion  because  the  outer  flame  does  not  exist  in  the  lifetime  of  cluster  combustion. 
Additionally,  one  finds  that  the  characteristic  time  for  quasi-steady  (Q.S.)  group  combustion 
in  moderately  dilute  clusters  is  relatively  short,  because  the  transition  period  occupies  a  large 
fraction  of  the  total  combustion  time.  The  transition  period  of  a  dense  cluster  has  a  relatively 
short  transition  period,  compared  with  the  life-time  of  the  cluster,  hence  it  has  a  longer  period 
of  Q.S.  group  combustion  to  dilute  clusters. 

Research  on  the  transitional  evolution  of  convecting  clusters  promises  to  be  complicated  by 
many  factors,  such  as  the  appearance  of  envelope  flame,  wake  flame,  side  flame,  cind  multi¬ 
ple  state  phenomena.  Understanding  and  predicting  transient  phenomena  remains  to  be  a 
challenging  area  for  further  research  on  the  group  combustion  of  many- droplet  systems. 

NOMENCLATURE 

D  diffusiity 

E  activation  energy 

G  group  combustion  number 

i  the  grid  number  extended  from  the  initial  cluster  surface 

M  molecular  weight 

mz  evaporation  rate  of  a  droplet 

n  droplet  number  density 

probability  of  anomalous  group  combustion 
R  ideal  gas  constant 

Rc  radius  of  droplet  cluster 

Rjq  flame  initiated  outside  the  cluster 

R fi  flame  initiated  inside  the  cluster 

r  radial  coordinate 

T  temperature 

t  time 

Y  mass  fraction 

p  density 

(j>ce  equivalence  ratio 

1/  stoichiometric  reactant  coefiicient 

TDc  dual  combustion  time 

Ttotai  total  combustion  time 

ud  reaction  rate  of  droplet  phase 

ujg  reaction  rate  of  gas  phase 

ujT  total  reaction  rate 
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Subscripts 

0 

oo 

/ 

9 

k 

i 

ox 


initial  state 
far-field  state 
fuel 

gas  phase 

A;th  size  group  of  droplets 

liquid  phase 

oxidizer 
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ABSTRACT:  The  goal  of  this  paper  is  to  show  significant  influence  of  ignition  conditions  on 
subsequent  combustion  of  a  condensed  propellant  and  on  the  pressure  diagram  of  combustion 
chamber.  Emphasis  is  placed  on  the  effect  of  accelerated  combustion  (AC-effect)  after  ignition  in 
a  high  pressure  closed  bomb  and  in  a  chamber  with  moving  piston.  An  analysis  of  such  typical 
problems  is  carried  out  using  an  original  phenomenological  theory.  Intermediate  asymptotic 
solutions  for  the  temperature  and  composition  of  combustion  products  as  well  as  for  the 
transitional  combustion  rate  are  presented.  These  asymptotic  solutions  show  how  the  ignition 
conditions  influence  the  subsequent  unsteady  combustion  and  pressure  diagram  in  a  high 
pressure  chamber.  The  AC-effect  of  propellant  surface  layers  and  its  dependence  on  ignition 
characteristics  is  demonstrated.  A  modification  of  Drozdov's  solution  of  the  basic  problem  of  gun 
interior  ballistics  has  been  obtained  taking  into  account  the  AC-effect.  It  is  shown  that  AC-effect 
can  be  responsible  for  the  anomalous  increasing  of  pressure-peak  with  decreasing  of  initial 
temperature  of  propellant  charge  in  a  gun-chamber. 


INTRODUCTION 

Sufficiently  fast  pressurization  of  combustion  chamber  causes  the  instant  combustion  rate  R(t)  of 
a  gasifiable  propellant  to  deviate  from  its  quasi-steady  state  (QS)  dependence  on  gas  pressure  P 
and  on  initial  temperature  To  of  propellant: 

R°  -  R°(P,  To)  (1) 

This  phenomenon,  first  predicted  by  Zel'dovich  [1],  is  related  to  the  thermal  relaxation  of 
condensed  phase  (c-phase)  of  propellant.  Zel'dovich's  theory  (Z-theory)  was  based  on  the 
negligibly  small  thermal  inertia  of  the  gas-phase  of  propellant  (QS-approximation  of  the  gas- 
phase)  and  used  the  phenomenological  approach:  the  non-steady  state  rate  was  calculated  by 
substituting  into  the  known  dependence  (1)  the  instantaneous  pressure  value  and  some  effective 
initial  temperature  Te: 
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R(t)  -  R°(P(t),  Te(t)).  (2) 

This  Z-theory  and  its  extensions:  to  propellants  with  variable  surface  temperature  (Novozhilov 
[2]),  to  non-adiabatic  combustion  (Gostintsev  et  al.  [3]),  and  to  combustion  under  irradiation 
(Assovskii  and  Istratov  [4])  are  widely  used  to  calculate  the  effects  of  unsteady  combustion  under 
pressures  up  to  hundreds  atmospheres  [5-8].  The  Z-theory  and  its  modifications  based  on  the 
QS-approximation  of  the  gas-phase,  are  not  applicable  to  combustion  under  pressure  of  order  of 
thousand  atmospheres  and  higher.  In  such  a  case  the  density  and  therm^  inertia  of  the  gas-phase 
are  comparable  with  the  density  and  thermal  inertia  of  the  c-phase,  and  the  main  assumption  of 
those  theories  is  broken. 

However  the  phenomenological  approach  is  fruitful  to  construct  more  advanced  theory  applicable 
to  the  unsteady  combustion  under  the  pressure  increasing  up  to  thousands  of  atmospheres  and 
higher,  as  it  was  shown  by  auliior  in  [9].  This  theory  is  also  ^plicable  to  all  transitional 
combustion  processes,  where  the  temperature  distribution  in  c-phase  changes  from  the  initial  one 
Ti(x/L),  with  a  large  spatial  scale  L,  to  the  final  distribution  Tf(x/1)  with  ^all  spatial  scale  1 
(1«L),  see  Fig.l.  In  such  cases  it  is  possible  to  construct  intmiediate  asymptotics  for  the 
combustion  rate  and  other  time-variants  of  combustion  process.  These  asymptotics  are  hold 
during  times  of  order  tm  satisfying  to  conditions; 

L2/k  »  tm  »  l2/k,  (3) 

where  k  is  the  thermal  diffusivity  of  c-phase,  cmVs. 

In  the  present  paper  this  advanced  phenomenological  theory  has  further  development  for 
application  to  some  typical  problems  of  the  solid  propellant  unsteady  combustion  in  high  pressure 
chambers,  for  example  in  constant  volume  bombs  and  in  chambers  with  moving  piston. 

THE  TIME-SCALES  OF  TRANSITIONAL  COMBUSTION 

Let  a  transitional  combustion  process  be  accompanied  by  a  rearrangement  of  the  temperature 
distribution  in  the  c-phase  T(x,  t)  from  the  initial  T(x,  0)  =  Ti(x/L)  to  the  final  Td^x/1).  For 
example,  the  initial  and  final  states  can  correspond  to  QS-combustion  at  pressures  Pi  and  Pf.  In 
such  a  case  L  =  k  /  R°(Pi,  To)  and  1  =  k  /  R°(Pf,  To). 


Figure.  1.  Transformation  of  the  propellant  temperature  distribution 
during  transitional  combustion. 
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If  the  final  pressure  is  much  greater  than  initial  one  then  the  scales  L  and  1  are  significantly 
different.  The  presence  of  two  spatial  scales  for  the  temperature  distribution  leads  to  existence  of 
three  time  scales  of  the  c-phase  thermal  relaxation: 

ti  =  L^/k,  tm  =  L/Rm,  tr  =  1/Rm  =  1^/k,  (4) 

where  Rm  is  a  characteristic  combustion  rate,  e.g.,  Rm  =  R°(Pf,  To).  At  a  sufficiently  high  pres¬ 
sure  Pf  (and  consequently  at  a  high  rate  Rm)  the  values  of  time-scales  ti,  tm,  and  tf  are 
significantly  different  from  one  to  another: 

ti  »  tm  »  tf.  (5) 

Thus,  the  scales  for  the  transitional  combustion  of  nitrocellulose  propellant,  starting  from  Pi  ~  1 0 
atm  and  ending  at  Pf  ~  1000  atm,  are  characterized  by  following  values  (data  from  [5,10,11]): 
L~  100  pm,  1—1  pm,  ti  —  100  ms,  tm  —  1  ms,  tf  —  10"^  ms  that  satisfy  conditions  (4). 

The  thermal  relaxation  times  for  the  propellant  gasification  zone  and  for  the  gas-phase  are 
comparable  to  tf  as  it  was  shown  by  author  in  [9].  That  is  why  we  can  not  neglect  the  thermal 
inertia  of  these  processes  on  times  of  order  of  tf  .  However,  we  can  consider  the  thermal 
relaxation  of  these  zones  as  QS-process  on  times  that  are  much  bigger  than  the  relaxation  time- 
scale  tf  of  the  final  temperature  distribution. 

In  high  pressure  chambers,  as  a  rule,  the  characteristic  time  of  transitional  combustion  tm  (4)  is 
comparable  to  the  time-scale  of  pressure  diagram  tp  =  l/(d(lnP)/dt).  Moreover,  both  of  them  are 
much  bigger  than  tf  and  satisfy  the  conditions  (3)  and  (5).  Such  ratio  of  the  time-scales  is 
responsible  for  existence  of  an  intermediate  asymptotic  solution  for  problems  of  transitional 
combustion. 


INTERMEDIATE  ASYMPTOTIC  SOLUTION 

According  to  the  phenomenological  approach,  the  effective  initial  temperature  Te  has  to  be 
found  to  calculate  the  unsteady  combustion  rate.  In  the  Z-theory  and  in  its  mentioned  above 
modifications  the  effective  temperature  Te  (2)  is  defined  as: 

Te  =  Ts  -  k  F  /  R,  (6) 

where  Ts  and  F  are  the  temperature  and  the  derivative  of  temperature  at  the  c-phase  surface,  de¬ 
termined  by  solution  of  the  heat  transfer  equation: 

dUdX  +  ReT/5x  =  ke2T/0x2  (7) 

having  the  boundary  and  initial  conditions: 

x->  -00  :  T-^  To;  x->  0  :  T^  Ts;  t^  0  :  T-^  Ti(x/L).  (8) 

In  the  present  theory  for  the  transitional  combustion,  the  temperature  Te  is  defined  as  a  tem¬ 
perature  in  the  bulk  of  c-phase  on  long  distance  from  the  surface  (much  more  than  the  smallest 
spatial  scale  1).  The  mathematical  analysis  of  the  problem  (7),  (8)  under  conditions  (5)  shows  the 
existence  of  an  intermediate  asymptotic  solution  on  time  of  order  of  tm  (4).  The  initial  heated 
layer  of  c-phase  (its  depth  -  L)  bums  out  during  this  period  (Assovskii  [9,  12]).  The  thermal 
inertia  of  the  gas-phase,  the  gasification  zone,  and  inertia  of  a  surface  layer  having  a  depth  -  1  is 
negligible  on  this  period  of  transitional  combustion.  At  the  same  time  the  initial  temperature 
distribution  Ti(x/L)  can  not  change  significantly,  and  the  combustion  wave  propagates  over  the 
propellant  having  a  "quasi-frozen"  distribution  of  initial  temperature.  Fig.  1 . 
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Thereat,  the  effective  temperature  Te(t)  is  connected  with  the  initial  temperature  distribution  and 
with  a  thickness  e(t)  of  burnt  layer  by  asymptotic  (z  — 1)  relationship  [9,12]; 

Te  =  Ti(e/L)  -  (Ts  -  Ti(e/L))*(l  -  z)  /  2z,  (9) 

t 

e  =  jR(t)dt',  z  =  erf(e/(2VkF)). 

0 

If  JJie  steady-state  dependencies  for  the  surface  temperature  Ts°(P,  To),  the  flame  temperature 
Tf  (P,  To),  and  for  the  combustion  products  composition  Aj°(P,  To)  are  known  as  the 
combustion  law  (1),  then  the  appropriate  equations  for  unsteady  characteristics  can  be  written 
similarly  to  the  form  (2): 

Ts(t)  =  Ts"(P(t),  Te(t)),  Tf  ==  Tf°(P,  Te),  (10) 

Aj  =  Aj°(P,  Te). 

Since  the  main  reason  for  existence  of  the  asymptotic  solutions  (2),  (9),  and  (10)  is  the  great 
difference  between  the  initial  and  final  thiclaiess  of  heated  layer  in  c-phase,  these  solutions  are 
applicable  not  only  to  unsteady  combustion  under  the  high  pressurization.  For  example,  this 
intermediate  asymptotic  solution  can  describe  the  stabilization  of  the  steady-state  combustion 
after  ignition  at  moderate  pressures.  For  this,  the  extent  of  warm-up  upon  ignition  Li  should  be 
much  greater  than  the  final  steady-state  layer  l=k/Rf°. 

Thus,  if  warm-up  takes  place  by  conductive  or  convective  heat  exch^ge  over  a  time  interval  ti, 
then  Li  ~  -^t  jk  ,  and  conditions  (5)  of  ^plication  of  (9)  are  equivalent  to  : 

R°(P,  To)  V(ti/k)  »  1.  (11) 

Especially  deep  heating  of  the  surface  layer  takes  place  during  a  thermal  irradiation  of  semi¬ 
transparent  propellant.  In  such  a  case  the  condition  (5)  can  be  pres^ted  in  a  form:  RfL/k»l, 
where  L  is  the  depth  of  radiation  absorption.  The  numerical  calculations  show,  that  R(t)-curves  of 
transitional  combustion,  determined  by  expressions  (2),  (9)  and  by  (2),  (6),  (7),  differ  only  slightly 
already  when  L  / 1  =  10  (sec,  for  example,  further  consideration  of  combustion  under  a  pressure- 
step,  Figs.  2  and  3).  This  is  true  both  for  the  constant  Ts  (Zel'dovich  [1])  and  for  the  variable  Ts 
(Novozhilov  [2])  models.  Thereto,  even  the  first  term  of  the  intermediate  asymptotic  expression 
(9)  represents  itself  a  good  approximation  for  the  effective  initial  temperature  Te(t). 

APPLICATION  TO  SOME  TYPICAL  PROBLEMS 

Let  us  consider  application  of  the  presented  theory  to  some  typical  problems  of  unsteady 
combustion  in  high  pressure  chambers.  In  a  number  of  such  cases  Eq.  (9)  gives  a  possibility  to 
find  the  changes  of  combustion  parameters  in  a  clear  analytical  form  and  to  determine  the 
influence  of  unsteady  combustion  on  the  pressure-time  curve  of  combustion  chamber. 

The  Basic  Relationship  Between  Pressure  and  Combustion  Rate  Curves. 

The  combustion  law  (1)  can  usually  be  presented  in  a  form  of  product: 

R°(P,  To)  =  Rp(P)-Rt(To).  (12) 

Using  the  first  approximation  for  Te(e)  (9),  we  can  derive  from  Eqs.  (2),  (12),  and  (9)  the  basic 
integral  relationship  between  curves  P(t)  and  e(t)  : 


1038 


(13) 


I 


0 


de 

RT(Ti(e/L)) 


t 

jRp(P(t))dt 

0 


The  left  and  right  parts  of  Eq.  (13)  contain  separately  the  pressure-time  function  and  the 
combustion  rate.  Such  a  form  of  the  basic  relationship  is  very  convenient  especially  to  solve  so 
called  the  forward  and  inverse  problems  of  unsteady  combustion. 


The  forward  problem  of  unsteady  combustion.  If  the  pressure  curve  is  known  from 
experiment  then  it  needs  find  how  the  combustion  rate  and  other  combustion  characteristics 
change  with  time  (the  forward  problem).  For  definiteness,  let  the  combustion  law  (1)  have  the 
form; 

R°(P,  To)  =  Ro  P  (1  +  b  To),  (14) 

and  the  curves  Ti(e/L)  and  P(t)  be  approximated  by  exponential  functions: 

Ti  =  To  +  (Tsi  -  To)  exp(-x/L),  (15) 

P  =  Pf  -  (Pf  -  Pi)  exp(-t/tp).  (16) 

After  substitution  of  Eqs.  (14)  and  (15)  into  Eq.  (13)  and  its  integration  we  find  an  expression 
for  the  burnt  layer; 

e(t)=L  ln[  (1+g)  exp(t/tm  - 

(Rf-Ri)tp(l -exp(-t/tp))/L)-g],  tm=L/Rf  ,  (17) 

g=b(Tsi-To)/(l+bTo),  Ri=R°(Pi,To),  Rf-R°(Pf,To). 

Substituting  Eq.  (17)  into  Eqs.(9),  (2)  and  (10)  we  obtain  the  rate  and  other  characteristics  of 
combustion  as  clear  time-functions.  Thus  for  the  temperature  of  the  combustion  products  Tf ,  that 
is  additively  related  to  the  initial  temperature: 

Tf°(P,  To)  =  Tf°(P,  To’)  +  (To  -  To'), 
we  obtain  a  divergence  between  Tf  (t)  and  the  QS-value  Tf  : 

Tf  -Tf°  =  (Ts,  -To)  /  [(l+g)exp(t/tm  - 

tp(Rf  -Ri)(l-exp(-t/tp))/L)-g]. 

In  a  limit  case,  when  pressure  changes  like  step-function  (tp  — >  0,  L  =  k/Ri,  tm  -  L/Rf »  tp),  we 
have  rather  simple  expressions  for  the  combustion  characteristics; 

e  =  L  in[  (1+g)  exp(t/tm)  -  g  ], 

R(t)  =  Rf  /(I  -  g  (1+g)  ^  exp(-t/tni)),  (18) 

Tf -Tf°  =  (Tsi  -To)  /  [(l+g)exp(t/tm)-g]. 

The  solution  (18)  demonstrates  the  effect  of  accelerated  combustion  under  fast  pressurization. 
Some  curves  R(t)  taken  from  (18)  are  presented  at  Figs.  2  and  3  as  doted  lines.  On  the  plane 
(RTRf,  t/tm)  the  R(t)-curves  (18)  look  like  one-parameter  family.  The  combustion  rate  reaches  its 
maximum  value  Rm  just  after  the  pressure-jump  and  then  decreases  to  the  final  QS-value  Rf  . 
The  characteristic  time  of  combustion  transition  tm  is  equal  to  the  burning  out  time  of  initially 
heated  layer  (having  a  depth  L),  if  combustion 
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Figure  2.  The  accelerated  combustion  elfect  under  step-pressurization. 

1 -analytical  asymptotic  solution  (18),  2-  numerical  solution. 

wave  would  propagate  with  the  final  rate  Rf .  The  maximum  rate  is  equal  to  a  QS-rate  at  To  == 
Tsi  (as  the  first  approximation): 

Rm  =  R''(P,Tsi)  =  (l+g)Rf. 

The  higher  is  an  initial  surface  temperature  Tsi  and  the  temperature  sensitivity  of  combustion  rate 
b  the  higher  is  the  relative  maximum  of  combustion  rate  Rm/Ri  •  That  is  why  it  is  important  to 
know  the  initial  temperature  distribution  and  also  the  combustion  law  (1)  at  the  high  initial 
temperatures  To  (up  to  the  surface  temperature  in  ignition  or  even  combustion). 

Meanwhile,  it  must  be  noticed  as  an  interesting  fact,  that  AC-effect  (18)  does  not  depend  on  the 
surface  temperature  during  the  transitional  combustion.  To  check  this  result  die  asymptotic 
solution  (18)  has  been  compared  with  numerical  solutions  based  on  different  models  of  unsteady 
combustion.  These  numerical  solutions  are  presented  on  Figs.  2  and  3  as  solid  lines.  The  curves 
on  Fig.  2  are  obtained  using  the  Novozhilov  model  [2]  (variable  temperature  Ts)  and  correspond 
to  combustion  of  double-base  propellant  N  [5,  6]  under  step-pressurization  starting  from  a  steady 
state  at  Pi=10  atm,  To=293  K.  The  computational  method  has  been  described  in  [6],  The 
numerical  solutions  on  Fig.3  are  taken  from  [13]  and  correspond  to  the  ZeTdovich  model  [1] 
(constant  Ts).  A  comparison  of  presented  solutions  testifies  that  there  is  not  any  significant 
difference  between  the  appropriate  solutions,  except  at  the  very  beginning  of  transitional 
combustion,  if  the  pressure  increase  is  high  enough. 
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Figure  3,  Combustion  rate  variation  under  step-pressurization. 

1-asymptotic  solution  (18),  2-numerical  solution  [13]  based  on  Zerdovich  model  [1], 

The  inverse  problem.  In  the  control  of  combustion  process  the  reverse  problem  arises  (see,  for 
example,  Zel'dovich  et.  al  [6]),  to  determine  the  pressure  change  P(t)  ensuring  the  given  curve 
R(t).  Using  Eqs.  (9)  and  (12)  we  obtain  a  solution  of  such  a  problem  in  a  general  form: 

t 

Rp(P(t))  =  R(t)  /  Rt(Ti(  jR(t)dt'  /  L)). 

0 

For  example,  in  a  case  of  an  exponential  distribution  of  the  initial  temperature,  Eq.  (15),  and  for 
QS-combustion  law: 

Rt  -  Ro  exp(b  To),  n  =  d(lnR°)/dP  =  const,  (19) 

the  rule  for  the  pressure  change  is: 

P(t)  /  P°(t)  =  exp(-b(Tsi-To)  /  n  exp(e(t)/L)), 

where  P°(t)  is  the  condition  of  pressure  change  that  corresponds  to  the  QS-correlation  between 
pressure  and  combustion  rate; 

n  In  P°  =  ln(R(t)/Ro)  -  b  To. 

In  a  common  case  the  pressure  or  combustion  rate  curve  is  not  preliminarily  known,  but  there  is 
an  additional  relationship  between  the  pressure,  combustion  rate  and  other  parameters  of 
intrachamber  combustion. 

Accelerated  Combustion  after  Ignition  in  a  Closed  Chamber. 

Combustion  in  a  constant  volume  chamber  (the  closed-bomb  test)  is  frequently  used  to  determine 
the  combustion  law  (1)  in  high  pressure  conditions  [10,1 1,14-16].  Here  we  consider  the  problem 
of  ignition  influence  on  the  combustion  rate  and  the  pressure  diagram  in  a  closed  bomb. 
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Figure  4.  The  accelerated  combustion  of  surface  layer  of  single-base  gun  propellant. 

Data  derived  from  the  closed  bomb  test  by  Serebryakov  [13]. 

2ei=  1.0(1),  6.0(2)  mm 

The  pressure  of  combustion  products  in  a  chamber  is  determined  by  the  gas-state  equation.  The 
Noble-Abel  equation  is  usually  used  for  pressures  of  order  of  thousand  attnospheres  [14-1 6].  It  is 
useful  for  further  purposes  to  present  this  state-equation  in  the  form: 

Y  =  (P-Pi)(l-A/p)  /  (RgTg/M  -  (1/p  -  a)(P-Pi)).  (20) 

Here  Pi  is  an  ignition  pressure;  a  is  the  powder  gas  covolume;  Tg  and  M  are  the  temperature  and 
average  molecular  weight  of  the  gas;  Rg  is  the  universal  gas  constant;  A  is  the  loading  d^sity 
(the  ratio  of  the  charge  weight  to  the  chamber  volume);  p  is  the  propellant  density;  and  Y  =  Y(e) 
is  the  fraction  of  burnt  out  part  of  the  propellant  charge. 

At  the  initial  stage  of  combustion  (Y«l)  we  can  assume  in  Eq.  (20)  that  Y(e)  =  e(dY(0)/de). 
Using  Eq.  (20)  we  find  the  function  e(P).  Substituting  e(P)  together  with  Eq.  (15)  into  Eqs. 
(9)  (first  approximation)  and  (10)  we  find  the  dependence  of  unsteady  combustion  characteristics 
on  current  pressure  and  ignition  conditions  (initial  tempa-ature  distribution).  Thus,  for  the 
combustion  law  (19)  the  final  equation  for  the  rate  of  subsequent  combustion  after  ignition  is: 

R(t)  =  R°(P(t),  To)  exp(b(Tsi-To)  exp(-Y(P)/Yi)),  (21) 

where  Yi  =  Y(Li)  is  the  fraction  of  charge  part  corresponding  e=Li. 

The  equation  (21)  specifies  the  relationship  between  the  effect  of  accelerated  combustion  of 
propellant  surface  layer  and  the  conditions  of  propellant  ignition.  Such  an  AC-effect  has  been 
first  observed  by  Serebryakov  [14]  in  tests  of  single  base  gun-powdo-s  in  a  closed  bomb.  He 
found  that  external  layers  of  powder  grains  had  the  burning  rate  Rt  that  was  much  higher  than 
combustion  rate  of  internal  layers  (see  Fig.  4).  Also,  it  has  been  found  that  more  intensive 
combustion  of  external  layers  depends  on  nature  of  powder  as  well  as  on  ignition  conditions. 
Using  the  formula  (21)  with  an  appropriate  value  of  pre-heated  layer  depth  Li  one  can  describe 
Serebryakov's  experimental  data  with  good  agreement. 
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Combustion  in  Chamber  with  Moving  Piston 


The  effect  of  accelerated  combustion  after  the  propellant  ignition  (21)  can  significantly  influence 
the  pressure  maximum.  Pm,,  in  a  semi-closed  bomb  and  in  a  chamber  with  moving  piston.  This 
problem  is  very  interested  for  interior  ballistics  of  such  systems,  especially  for  systems  safety 
[18,19],  Here  we  consider  how  the  AC-effect  influence  the  pressure  peak  in  a  large  caliber 
artillery  system,  and  its  dependence  on  initial  temperature  of  propellant. 

For  a  large-caliber  gun  typical  values  of  ignition  time  delay  ti  are  much  more  than  characteristic 
times  of  the  ballistic  cycle  (see,  for  example,  Fisher  [18]).  That  is  why  the  condition  (11)  for 
application  of  the  asymptotic  solution  (9)  is  satisfied.  Therefore,  the  way  to  determine  the  rate  of 
unsteady  combustion  in  gun-chamber  is  similar  to  that  one  for  constant  volume  systems.  In  this 
case,  in  addition  to  the  gas  state  equation  (20),  there  is  the  system  of  equations  of  interior 
ballistics  [14,15].  Putting  off  the  details  of  solution  for  this  system,  we  present  here  some  final 
results. 

At  first,  the  well  known  Drozdov’s  solutions  for  basic  problem  of  interior  ballistics  of  guns  and 
for  the  pressure  peak  in  gun-chamber  [14]  can  be  extended  taking  into  account  the  unsteady 
combustion  law.  For  this  purpose,  we  have  to  substitute  in  Drozdov's  formula  (derived  assuming 
the  QS-combustion  law)  instead  of  QS-rate  R°  the  average  rate  R^: 

r  de 

RA  =  e/f - .  (22) 

'oR°(P,  Te(e)) 

Further,  this  result  gives  possibility  to  determine  influence  of  the  initial  temperature  To  and 
ignition  characteristics  on  the  pressure  peak  Pm-  Following  equation  can  be  derived  to  describe 
this  influence: 

d(ln  PM)/dTo  =  2Cr  (1  -  2Bi  +  Bt)  +  2Cf,  (23) 

where  Bi  and  Bt  are  non-dimensional  criterions: 

Bi  =  Cr  (Tsi  -To)  Li  /  e*,  Bt  =  Ct  (Tsi  -  To)  Li  /  e*; 

Cr,  Ct,  and  Cf  are  coefficients  characterizing  the  temperature  sensitivity  of  QS-combustion  rate, 
the  ignition  time-delay  ti  and  the  QS-temperature  of  combustion  products: 

Cr  =  d(lnR°)/dTo,  Ct  =  d(lnti)/dTo,  Cf  =  d(lnTf°)  /dTo  ; 
e*  is  the  thickness  of  burnt  layer  at  pressure  peak  under  QS-combustion  of  propellant. 

As  it  follows  from  Eq.  (22),  the  value  of  the  pressure  peak  can  increase  with  decreasing  of  initial 
temperature,  if  time-delay  ti  increases  too  fast  with  decreasing  To. 

CONCLUSION 

It  needs  to  underline  in  conclusion  three  distinguishing  features  of  performed  analysis. 

In  combustion  theory  and  in  interior  ballistics  the  ignition  process  is  usually  involved  into 
consideration  only  to  estimate  the  time-delay  and  critical  conditions  of  ignition.  Influence  of 
ignition  conditions  on  combustion  rate  is  ordinary  neglected.  In  contrast  to  such  a  viewpoint,  the 
presented  analysis  shows  that  ignition  conditions  can  significantly  influence  as  the  subsequent 
combustion  rate  as  the  pressure  peak  that  is  so  far  from  the  combustion  begirming.  It  is  a  reason 
to  pay  more  attention  to  ignition  process  in  high-pressure  combustion  chambers.  It  is  important 
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to  know  the  initial  temperature  distribution  and  the  combustion  law  at  high  initial  temperatures  To 
up  to  the  surface  temperature  in  ignition. 

The  traditional  methods  to  analyze  such  a  nonlinear  and  multiscale  problem  as  the  unsteady 
combustion  is  a  linearization  of  equations,  assuming  relatively  small  amplitudes  of  deviation  of 
combustion  characteristics.  The  smaller  is  deviation  of  pressure  and  other  characteristics  of 
combustion,  the  more  exact  is  such  a  solution.  In  contrast  to  the  linearization-method,  the 
presented  theory  and  asymptotic  solutions  are  applicable  to  problems  dealing  with  great 
amplitudes  of  the  pressure  or  combustion  rate  increasing.  The  greater  is  amplitude  of  increase  the 
more  exact  are  these  asymptotic  solutions. 

It  needs  also  to  underline  a  methodological  sense  of  the  performed  analysis.  The  results  show 
that  transitional  combustion  process  has  own  measure  as  for  time  and  spatial  scales  as  for 
pressure  and  combustion  rate  deviation.  The  performed  analysis  assists  to  understand  the 
dynamics  of  transition  from  ignition  to  steady^state  combustion  as  well  as  the  asymptotic  sense  of 
such  a  basic  idea  as  the  quasi-steady  state  combustion. 

In  practice,  the  obtained  relationships  between  ignition  conditions  and  subsequent  accelerated 
combustion  of  propellant  allow  one  to  undo'stand  more  de^ly  the  origination  and  amplification 
of  pressure  waves  in  combustion  chamb^  [18,19]  during  the  charge  ignition.  It  will  be  useful  for 
the  charge  design  to  avoid  anomalous  pressure  peak  in  combustion  chamber. 


NOMENCLATURE 


a 


Bt 

b,  Q 

Ct,Cf 


A 


2ei 

F 

g 

P 

k 

1,L 

M 

n 

P.M 

Rg 

R 

Rp 

Rt 

T 

t 

tp 


gas  covolume,  m^/kg 

substance  j  content  in  combustion  products,  mol/kg 
non-dim.  criterion  of  ignition 

non-dim.  criterion  of  temperature  sensitivity  of  ignition  time  delay 

temperature  sensitivity  of  the  steady-state  combustion  rate,  1/K 

temperature  sensitivity  characteristics  for  the  ignition  time-delay,  and  combustion 

products  temperature  respectively,  1/K 

ratio  of  charge  mass  to  chamber  volume,  kg/m^ 

thickness  of  burnt  layer  of  propellant,  m 

initial  thickness  of  propellant  grain,  m 

temperature  derivative  at  the  C-phase  surface,  K/m 

non-dim.  criterion  of  initial  temperature  influence  on  combustion  rate 

propellant  density,  kg/m^ 

thermal  difflisivity  of  propellant,  m^/s 

spatial  scales  for  temperature  distribution  in  propellant,  m 

average  molecular  weight  of  combustion  products,  AMU/mol 

exponent  in  combustion  rate  dependence  on  pressure 

pressure  maximum  in  combustion  chamber,  N/m^ 

initial  and  final  values  of  pressure,  N/m^ 

8.31  J/mol-K,  universal  gas  constant 
combustion  rate,  m/s 

multiplier-function  in  combustion  law;  depends  on  pressure,  m/s 
non-dim.  factor  in  combustion  law;  depends  on  initial  temperature 
temperature,  K 
time,  s 

characteristic  time-scale  for  pressure  diagram,  s 
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X  space  variable,  m 

Y  fraction  of  burnt  part  of  charge 

z  non-dim.  function,  depending  on  time  and  burnt  out  layer  e 


Subscripts. 


Superscripts. 


o  initial  state 

i  ignition  or  initial  state 

f  final  state  or  flame 

M  maximum  value 

m  characteristic  value 

s  surface 

p  pressure 

t  temperature 

g  gas 


steady  state 
pressure  peak 
average  value 
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Ignition  and  Unsteady  Combustion  of  AP-based  Composite  Propellants  in  Subscale 

Solid  Rocket  Motors 

A.  Bizot 

Office  National  d’Etudes  et  de  Recherches  Aerospatiales 
Chatillon,  France 


ABSTRACT  :  The  description  of  the  unsteady  combustion  mechanisms  of  solid  propellants  and  the 
numerical  solution  of  the  solid  rocket  internal  flow  are  the  two  key  factors  in  determining  the  unsteady 
behavior  during  the  ignition  transient  inside  a  solid  rocket  motor.  The  objective  of  this  study  is  to 
develop  a  numerical  tool  able  to  predict  the  flow-solid  propellant  interaction  responsible  for  the  ignition 
process.  The  numerical  package  developed  for  the  simulations  comprises  a  multi-dimensional  CFD  code 
using  a  k-e  turbulence  model  which  is  associated  with  two  main  components:  a  one-dimensional 
unsteady  heat  conduction  analytical  solution  for  the  propellant  surface  temperature  or  burning  rate  and 
a  one-dimensional  Couette  flow  solution  for  the  wall  boundary  layer.  In  addition,  one  considers  that  an 
ignition  propagation  occurs  by  conduction  at  the  gas  side  propellant  smface  when  the  critical 
inflammation  conditions  to  sustain  such  a  propagation  are  satisfied. 

This  paper  presents  the  details  of  the  modules  created  to  simulate  the  ignition  transient  period  and  the 
applications  conducted  to  predict  the  ignition  delay  and  the  flow  field  in  selected  subscale  solid  rocket 
motor  configurations. 


INTRODUCTION 

The  ignition  mechanisms  controlled  by  the  internal  flow  of  solid  rocket  motors  have  long  been  studied 
in  depth  and  the  basic  information  derived  from  these  studies  have  produced  a  very  good  understanding 
of  ignition  phenomena.  However,  only  recently,  both  the  development  of  multi-dimensional  CFD  codes 
with  robust  flow  solvers  and  the  widespread  use  of  fast  computers  allow  one  to  accurately  predict  the 
internal  flow  field  during  the  ignition  process  inside  a  solid  rocket  motor. 

The  numerical  approach  consists  mainly  of  three  modules:  the  main  module  is  the  CFD  code  (flow 
solver),  the  second  module  describes  the  boundary  layer  near  the  propellant  wall  (Couette  flow  model) 
and  the  third  solves  the  heat  transfer  inside  the  propellant  (an  integral  equation  is  used  for  the  surface 
temperature  or  the  burning  rate). 

In  the  present  work,  emphasis  is  placed  upon  the  ignition  transient  phenomena  related  to  the  unsteady 
combustion  which  lasts  less  than  100  ms.  Consequently,  the  propellant  is  assumed  to  be  undeformable 
as  the  pressure  increases  and  the  grid  mesh  boundaries  used  in  the  computations  are  assumed  not  to 
move.  The  grain  deformation  could  easily  be  taken  into  account  since  the  CFD  module,  which  solves 
the  Navier- Stokes  equations,  has  already  been  developed  for  an  arbitrary  grid  mesh  with  moving 
boundary  surfaces.  However,  the  addition  of  a  grid  generation  module  was  not  part  of  the  present  study. 
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DESCRIPTION  OF  THE  IGNITION  TRANSIENT  SIMULATIONS 


The  two  geometric  configurations  of  the  subscale  rocket  motor  studied  in  this  work  are  shown  in  Fig.  1 . 
The  igniter  at  the  head-end  of  the  rocket  generates  a  supersonic  mass  flow  at  a  very  high  temperature 
depending  on  the  propellant  used  in  the  rocket  motors  (Tf  i  =  2350  K,  ==  3770  K).  This  flow 

produces  a  very  strong  convective  heat  transfer  (<1)^  i  =  2.0  MW/m^  MW/m")  which  initiates 

the  propellant  ignition.  Although  alumina  particles  are  present  in  the  igniter  propellant  combustion 
products,  the  radiative  heat  transfer  is  nevertheless  moderate  and  assumed  to  be  a  constant  which  is 
computed  separately.  The  internal  flow  structure  of  the  motor  shows  regions  of  flow  separation  upon 
which  the  heat  transfer  at  the  propellant  surface  is  strongly  dependent.  Since  the  wall  heat  flux  is  a 
dominant  parameter  in  determining  the  ignition  delay,  the  interaction  between  the  flow  field  and  the 
propellant  is  of  great  importance. 


Figure  1.  Schematic  Diagrams  of  the  Subscale  Solid  Rocket  Motors 

The  igniter  is  responsible  for  the  slow  pressure  increase  (a  few  bars)  inside  the  motor  until  the  ignition 
is  effective.  Then  the  propellant  burning  rate  rises  slowly  (in  comparison  to  the  ignition  delay).  The  gas 
flow  produced  by  the  propellant  combustion  progressively  provides  an  additionnal  mass  flow  which 
becomes  stronger  as  the  burning  surface  spreads  longitudinally  inside  the  motor. 
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The  ignition  propagation  is  due  to  the  convection  of  the  hot  gases  in  the  boundary  layer.  For  most 
applications,  the  heat  transfer  by  convection  is  the  dominant  ignition  propagation  mechanism.  However, 
when  the  convection  in  the  boundary  layer  is  not  strong  enough,  a  secondary  propagation  mechanism 
at  the  propellant  surface  bypasses  the  main  propagation  mechanism.  This  could  happen  in  low  velocity 
flow  regions  inside  solid  rocket  motors  or  in  opercuiated  motors. 

The  unsteady  combustion  disappears  when  the  pressure  evolution  reaches  a  steady  regime.  The 
regression  of  the  propellant  surface  tends  to  increase  the  volume  of  the  combustion  chamber.  Since  the 
propellant  grain  is  assumed  to  be  undeformable,  the  boundaries  of  the  grid  mesh  are  not  redefined.  This 
restriction  can  be  eliminated  for  industrial  applications. 


THEORY 

The  description  of  the  ignition  process  is  based  on  an  ignition  delay  which  is  mainly  influenced  by  the 
temperature  level  needed  to  initiate  the  chemical  reactions  [1].  This  critical  temperature  is  dependent 
of  the  heat  flux  supplied  to  the  propellant  and  corresponds  to  the  observation  of  exothermal  reactions 
at  the  propellant  surface.  Such  evolution  of  the  ignition  delay  with  respect  to  the  heat  flux  allows  one 
to  describe  the  initiation  of  the  propellant  degradation.  The  experimental  results  obtained  by  ONERA 
are  given  in  Fig.2  which  shows  the  ignition  delay  of  two  types  of  AP  composite  propellants  (an  AP- 
CTPB  propellant  and  an  aluminized  AP-CTPB  composite  propellant)  and  the  pressure  influence  on 
flame  setup  time  [2]. 


Figure  2.  Ignition  Delay  and  Flame  Setup  time  vs.Heat  flux 
for  AP-based  Composite  Propellants 

The  main  conclusion  that  can  be  deduced  from  this  results  (taking  into  account  also  some  results 
published  in  the  literature  which  are  not  presented  in  this  paper  -  see  [1]  for  details)  is  that  the  AP 
degradation  is  the  limiting  process  of  the  ignition.  Hence,  the  chemical  mechanism  responsible  for  the 
ignition  can  be  described  by  a  single  reaction.  The  kinetic  characteristics  of  this  reaction  deduced  from 
the  plot  in  Fig.2,  are  given  according  to  the  following  equations  : 
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with  Ep  =  125.4  KJ/mole  and  Q,  =  3.05  10"  Wm\  a  =  0.15. 

From  this  simplified  analysis,  it  can  be  seen  that  the  ignition  temperature  is  influenced  by  the  heat  flux 
received  by  the  propellant.  The  higher  the  heat  flux,  the  higher  the  ignition  temperature.  That  means 
that,  as  the  heat  flux  increases,  the  conduction  time  required  to  ignite  the  propellant  in  the  degradation 
zone,  is  not  sufficient  enough  to  allow  the  chemical  reaction  to  occur.  Consequently,  the  ignition 
temperature  has  to  rise  enough  in  order  to  increase  the  residence  time  of  the  degradation  products. 

Another  conclusion  deduced  from  the  experimental  results  is  that  the  type  of  binders  does  not  affect  the 
ignition  delay,  except  if  the  change  of  the  propellant  composition  modifies  the  propellant  thermal 
diffusivity,  which  is  not  usually  the  case  for  propellants  with  practical  polymer  binders.  However,  a 
typical  example  of  such  an  influence  is  encountered  with  aluminized  composite  propellants.  Due  to  the 
aluminum  mass  fraction,  the  propellant  diffusivity  is  increased  by  a  factor  of  3,  compared  to  the 
equivalent  non-aluminized  propellant.  In  this  case,  it  was  found  that  the  experimental  results  shown  in 
Fig.  2  could  be  correlated  with  the  same  kinetic  parameters  previouly  obtained.  The  increase  of  the 
ignition  delay  is  caused  by  to  the  increased  of  the  propellant  diffusivity  (or,  more  precisely,  by  the 
propellant  effusivity  as  seen  in  Eq.  1).  The  conduction  time  necessary  to  reach  the  ignition  temperature 
is  increased  because  the  heated  propellant  thickness  is  greater. 

The  integration  of  this  data  in  the  description  of  the  ignition  is  a  key  factor  in  the  elaboration  of  the 
numerical  code  developed  for  the  simulations  in  subscale  solid  rocket  motors. 


Computation  Fluid  Dynamics  Module 

The  flow  solver  developed  at  ONERA  is  an  approximate  Riemann  solver  based  on  a  3D  finite  volume 
technique  using  structured  meshes.  The  numerical  conservative  upwind  implicit  scheme  features  the 
shock-capturing  Roe’s  method.  The  fluxes  decomposition  is  based  on  the  flux  difference  splitting 
method.  This  approach  is  not  the  most  efficient  numerical  scheme  but  is  sufficiently  robust  to  compute 
compressible  flows  over  a  wide  range  of  Mach  numbers.  It  can  capture  discontinuities  such  as  pressure 
waves  which  move  forward  and  backward  in  a  rocket  motor  during  ignition  or  strong  shock  waves  at 
the  head  end  of  the  motor  due  to  the  supersonic  igniter  flow. 


Couette  Flow  Module 

The  turbulent  boundary  layer  near  the  solid  propellant  is  of  great  importance  in  the  heat  flux  evaluation. 
Because  of  the  very  high  temperature  gradient  at  the  propellant  surface,  a  one-dimensional  numerical 
model,  based  on  Couette  flow  assumptions,  is  used  for  computing  the  boundary  layer.  The  energy  and 
momentum  equations  are  integrated  with  a  one-dimensional  finite  volume  technique  from  the  wall  to 
the  nearest  cell  center  of  the  mesh.  The  turbulence  model  consists  of  an  extension  of  Van  Driest's  mixing 
length  damping  function  and  an  extension  of  Cebecci's  correction  factor.  Integration  of  the  Couette  flow 
model  is  performed  with  a  grid  mesh  of  about  150  cells  in  the  direction  normal  to  the  wall.  In  order  to 
maintain  computational  efficiency,  a  process  which  puts  the  numerical  integration  into  algebraic  form 
has  been  developed.  The  resulting  formulae  obtained  (wall-functions)  allow  for  the  computation  of  the 
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heat  flux.  The  results  are  ver>'  close  to  those  obtained  with  the  Couette  flow  model. 


This  analytical  and  numerical  work  leads  to  the  developement  of  a  wall-function  relationship  which 
takes  into  account  the  very  high  temperature  gradient  encountered  in  the  boundary  layer  inside  solid 
rocket  motors.  The  turbulent  viscosity,  which  is  based  on  Boussinesq  and  Prandlt  mixing  length 
hypothesis,  and  the  shear  stress  are  written  as  follows  : 


p/^ 


du 

dy 


■c,  =  p(xyfy 


'  du 
K  dy, 


(2) 


As  can  be  seen  from  the  above  equations,  the  evolution  of  the  density  in  the  boundary  layer  modifies  the 
shear  stress  at  the  wall  and,  consequently,  according  to  the  Reynolds  analogy,  the  heat  flux. 


The  wall-function  used  for  propellant  ignition  applications  is  an  extension  of  a  wall-function  established 
to  describe  the  behavior  of  a  quasi-adiabatic  boundary  layer  [3]  : 


=  1  +  c, 


^0..25 


403  j 


Re, 
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where  Cq  is  a  correction  function  which  allows  the  use  of  the  wall-function  even  in  the  laminar  boundary 
layer  (aad  =  1  corresponds  rigorously  to  the  laminar  regime). 


400 


1  + 


400 


(4) 


The  wall  heat  flux  is  defined  with  the  non-dimensional  parameter  : 
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In  the  particular  case  where  =  Pq  (p^^  =  0  and  g^d  =  1 )?  one  obtains  : 

Pad  ~  ^ad? 

which  corresponds  strictly  to  the  Reynolds  analogy. 

The  extension  adopted  for  strongly  non-adiabatic  flows  has  the  following  form  : 
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(6) 


This  relation  shows  clearly  that  the  influence  of  the  temperature  profile  in  the  boundary  layer  could  be 
of  great  importance.  For  a  wall  temperature  of  500  K  and  a  near  wall  cell  temperature  of  3000  K,  which 
is  commonly  encountered  in  the  numerical  simulations  of  flows  in  rocket  motors,  the  correction  factor 
(T^/T  ^  is  equal  to  1 .7.  Consequentely,  the  heat  flux  at  the  wall  is  approximatively  increased  by  the 

same  factor.  . 


Heat  Transfer  and  Unsteady  Combustion  Module 

This  module  provides  the  time-dependent  propellant  surface  temperature  or  burning  rate.  Integration  of 
the  energy  equation  in  the  solid  phase  is  conducted  using  an  analytical  method,  assuming  a  superficial 
degradation  reaction  in  the  solid  phase.  The  unsteady  combustion  model  which  includes  a  detailed 
explicit  description  of  the  gas  phase  determines  the  change  of  the  flame  temperature  due  to  the  unsteady 
behavior  of  the  solid  phase. 

The  complete  modeling  of  the  propellant  degradation  comprises  the  description  of  the  solid  phase  which 
is  considered  as  an  unsteady  semi-infinite  medium,  and,  the  gas  phase  which  is  assumed  to  react 
instantaneously  to  the  sollicitations  of  the  solid  phase  (  pg  Cg  dT/dt|g^  «  pp  Cp  dT/dt|^oii^ ). 

The  description  of  the  heat  transfer  inside  the  solid  propellant  correspond  to  the  heat  equation  to  which 
is  added  a  term  related  to  the  coordinate  system  that  moves  with  the  regressing  surface  : 

^  ^  ^  ^  dT 

dx^  dx  Op  dt 


where  is  the  bum  rate  and  ap  the  propellant  diffiisivity. 

This  implies  that  the  reactive  zone  is  very  small  compared  to  the  heated  propellant  thickness.  The  high 
value  of  the  activation  energy  justifies  this  assumption. 


The  energy  balance  at  the  propellant  surface  reads  as  : 


=  m  Q  +  Qf  + 

p  “/  ign 


(8) 


where  Q,  is  the  heat  released  by  the  superficial  degradation  reaction,  the  heat  flux  issuing  from  the 
flame  and  the  ignition  flux. 
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This  set  of  equations  can  be  reduced  to  an  integral  equation  for  the  surface  temperature  (or  the  bum  rate) 
[4].  The  solution  is  : 
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(9) 


The  mass  balance  equation  integrated  in  the  superficial  degradation  zone  leads  to  die  following  bum  rate 
relationship  : 


R.  =  A. 


exp(-i) 

RT. 


(10) 


where  Ap  and  Ep  are  the  kinetic  caracteristics  of  the  steady  state  degradation  reactions. 

The  simplified  modeling  of  the  gas  phase  which  is  assumed  to  be  a  premixed  flame  (diffusion 
phenomena  are  ignored)  and  governed  by  a  a  single  reaction  is  given  by  the  following  mass  flow  rate 
relationship  : 


K  1 

2RT,j 

c  Q 

g  _  2 

c,(7>-r,)  j 

(11) 


The  physical  and  chemical  processes  involved  in  the  gas  phase  are  very  complex.  However,  the 
controlled  ignition  phenomena  are  the  exothermic  chemical  reactions  which  can  be  modeled  using  a 
single  flame  mechanism.  Further  studies,  which  will  be  presented  in  a  future  paper,  show  very  clearly 
that  the  flame  stmcture  (single  flame  sheet,  single  distributed  flame,  single  diffusion  flame,  multiple 
flames  of  various  types  similar  to  BDP-type  model  [5])  does  not  significantly  affect  the  ignition  process. 
The  previous  equation  can  be  expressed  in  terms  of  the  unsteady  flame  temperature  which  is  determined 
using  an  iterative  procedure.  Therefore,  one  obtains  from  Eq.  (1 1) : 
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The  proposed  form  of  Eq.  (12)  is  less  likely  to  cause  numerical  instabilities,  especialy  in  the  early  phase 
of  ignition  when  the  unsteady  flame  temperature,  Tf,  is  close  to  the  surface  temperature,  T3. 

Finally,  the  heat  flux  issuing  from  the  flame  is  deduced  from  the  energy  balance  between  the  propellant 
surface  and  the  the  end  of  the  flame  : 


q,  =  [C,  -  C,  (7>-7;)] 


(13) 
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Figure  3.  Unsteady  Bum  Rate  of  an  Aluminized  AP-based  Composite  Solid  Propellant  during  Ignition 

An  important  factor  that  affects  significantly  the  ignition  transient  is  the  interaction  betwen  the  flame 
and  the  neighboring  fluid.  Eq.  (8)  indicates  that  the  heat  flux  at  the  propellant  surface  is  divided  into 
three  terms:  the  heat  flux  due  to  the  superficial  degradation  reactions,  the  flame  heat  flux,  q^,  and  the  the 
ignition  heat  flux,  which  represents  the  influence  of  the  neighboring  fluid.  The  flame  model  is 
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implemented  through  the  wall  boundary  conditions  of  the  flow  governing  equations  (assuming  Aat 
Tr  =  T  „)  The  ignition  flux  is  modeled  using  a  wall-function  (Eq.(6)),  which  is  based  on  an  ], 
(near  waU  cell  temperature).  The  wall  temperature,  T„  rises  from  T„,  the  propellant  initial  temperature, 
to  T  the  ignition  temperature,  and  to  T,.  the  flame  temperature.  In  the  model,  one  iinplicitly  assumes 
that ‘the  wall-function  is  not  modified  by  the  flame,  which  is  clearly  not  true  in  solid  rocket  motor 
applications.  This  weakness  of  the  model  will  be  eliminated  in  future  studies. 

The  complete  description  of  the  combustion  avoids  taking  an  ignition  temperature  criterion  into  account 
to  evaluate  the  ignition  delay  and,  in  addition,  allows  one  to  predict  the  delay  necessary  to  sustain  a 
steady  combustion  burning  rate.  However,  for  the  sake  of  simplicity  and  to  avoid  time-consuming 
computations  (as  described  in  [6-7]),  an  algebraic  relationship  givmg  the  unsteac^y  propellmt  burning 
rate  Md.  consequently,  the  surface  temperature,  has  been  established  and  used  for  most  mdustrial 
applications.  From  the  previous  set  of  equations,  a  series  of  parametnc  numencal  computations  were 
conducted  to  describe  the  unsteady  behavior  of  AP-based  composite  propellant  with  and  without 
aluminum,  from  ignition  to  the  steady  regime.  An  example  of  such  a  calculation  is  reported  in  Figs.j 

and  4. 


Steady  bum  rate  =  2.5  mm/s  (P  —  2  bars) 


Reduced 

Reduced 

Reduced 


flame  temperature 
surface  temperature 
burning  rate 


Figure  4.  Unsteady  Behavior  of  an  Aluminized  AP-based  Composite  Solid  Propellant  During  Ignition 

The  plots  show  the  three  differents  regimes  :  the  heating  of  an  inert  material  (ignition  regime),  the 
progressive  apparition  of  the  flame  and  the  bum  rate  (transition  regime)  and  the  steady  state.The  final 
relationship  deduced  from  this  study  can  be  written  as  : 


if  t  <  t| 
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if  t  >  +  dt’ 


R,  ^  =  ap^ 


where  the  term  a  p"  is  the  standard  steady  bum  rate  and  dt*  is  at  a  given  pressure  the  necessary  delay 
to  reach  the  steady  state  from  ignition. 

That  means  that  the  steady  state  bum  rate  relationship  can  be  used  only  after  this  delay  which 
corresponds  to  the  establishment  of  the  propellant  flame.  Eq.  (15)  shows  that  the  parameter  dt*  is 
independent  of  the  ignition  heat  flux  (contrary  to  the  ignition  delay  tjg„ )  and  decreases  as  the  pressure 
increases  inside  the  rocket  motor,  dt*  also  depends  on  the  parameter  dt^^j^  which  is  by  definition  the 
delay  of  the  flame  establishment  at  low  pressure  (P  =  2  bar)  and  can  be  obtained  by  computation  or 
experimental  results  for  a  given  propellant.  By  way  of  example,  for  AP-CTBP  composite  propellants 
with  aluminum,  dt^,„3,  =  21  ms  (dt*  =  1  ms  at  P  -  50  b).  For  AP-CTBP  composite  propellants  without 
aluminum,  dt^^^,  =  7  ms. 

Included  in  this  modelization  is  a  two-dimensional  ignition  propagation  at  the  surface  propellant.  This 
propagation  corresponds  to  the  spread  of  the  ignition  along  the  gas-  side  propellant  surface,  by  gas 
conduction  from  cell  to  cell,  due  to  the  apparition  of  reactive  gases  at  the  propellant  surface.  The 
chemical  reactions  which  occurs  in  this  thin  zone  very  close  to  the  propellant  surface  are  related  to  the 
propellant  degradation.  The  propellant-side  ignition  propagation  is  assumed  to  be  negligible  because 
the  solid  propellant  density  is  very  large  compared  to  the  gas  phase  density.  The  details  of  the  model  are 
given  in  annex  1 . 


NUMERICAL  CALCULATIONS  AND  EXPERIMENTAL  RESULTS 

Two  types  of  AP-based  composite  propellants  were  used  for  the  comparison  of  theory  and  experiment: 
one  propellant  with  aluminum  (AP  weight  fraction  ~  68%,  A1  ~  1 8  %)  and  one  without  aluminum 
(AP  ~  73%).  Because  of  the  cost  of  the  experiments,  these  two  propellants  were  tested  in  different 
configurations  of  rocket  motors:  the  first  was  tested  in  a  solid  rocket  motor  with  12  aft-fins  and  the 
second  one  in  a  more  simple  rocket  (see  Fig.  1)  with  an  operculated  nozzle  (the  rupture  pressure 
is  ~  40  bars).  In  both  cases,  igniter  and  motor  grains  were  made  with  the  same  propellant. 

Fig.  5  shows  the  two  computational  grids  used  for  the  internal  flow  numerical  simulations.  The  three- 
dimensional  grid  consists  of  three  domains  which  represent  the  axisymmetrical  longitudinal  chamber, 
the  exhaust  nozzle  and  the  aft-fins.  The  igniter  geometry  is  limited  to  the  nozzle  exit  of  which  the 
injection  angle  is  13°.  Because  of  the  geometrical  symmetry,  only  1/24  of  the  motor  is  computed.  The 
2D  axisymmetrical  grid  represents  the  geometric  configuration  of  the  second  motor.  The  igniter  system 
produces  hot  gases  which  flow  through  a  multiperforated  nozzle  with  6  ports  at  a  35°  angle  with  respect 
to  the  motor  axis.  To  keep  the  axisymmetrical  configuration,  it  was  decided  to  represent  the  nozzle  by 
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Figure  5.  Computational  Grids  of  the  two  Solid  Rocket  Motors 

The  comparison  between  experimental  and  numerical  chamber  pressure  evolutions  of  the  firing  test 
corresponding  to  the  motor  with  aft-fms  is  shown  in  Fig.6.  The  pressure  measurement  indicates  three 
different  regimes  which  are  quite  different  from  those  previously  mentioned.  The  first  regime  is  the 
preheating  of  the  inert  propellant  which  lasts  about  10  ms.  This  delay  corresponds  to  the  first  ignited 
point  which  is  located  in  the  second  half  of  the  longitudinal  chamber.  The  experimental  ignition,  which 
is  not  measured  but  estimated  from  the  surface  temperature  measurement  of  a  inertial  fluxmeter, 
is  ~  10  ms.  The  propagation  of  the  ignition  and  the  flame  inside  the  chamber  occurs  almost 
instantaneously  (~  3  ms)  with  a  quasi-linear  pressure  increase.  The  unsteady  behavior  of  the  propellant 
combustion  adds  ~  20  ms  to  the  delay  before  reaching  a  pseudo-statiormary  combustion  regime 
(dt^„j,  =  21  ms  for  the  aluminized  AP-based  composite  propellant  used).  The  following  regime  is  the 
sharp  pressurization  rise  of  the  motor  which  corresponds  to  the  ignition  propagation  in  the  aft-flns.  The 
pressure  stabilizes  at  ~  80  bars  which  is  the  motor  operating  condition. 


Figure  6.  Experimental  and  Numerical  Pressure  Evolutions 
of  the  Afts-fins  Rocket  Motor 
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The  numerical  results  and  the  data  show  that  the  calculated  pressure  rise  occurs  too  early.  In  fact,  the 
calculated  unsteady  combustion  delay  (dt„j,J  has  been  probably  underestimated.  This  assertion  is 
deduced  from  the  experimental  results  obtained  by  [8].  It  has  been  observed  by  means  of  laser  propellant 
ignition  studies  that  dt^^^j^  =  35  ms  for  the  operating  conditions  of  the  rocket  motor  studied  (same  mean 
heating  flux  and  same  pressure).  However,  this  ignition  delay  is  the  so-called  go/no-go  ignition  delay 
which  does  not  correspond  exactly  to  the  ignition  delay  defined  in  the  present  work.  If  one  takes  into 
account  the  experimental  unsteady  combustion  delay  in  the  unsteady  bum  rate  relationship,  the 
calculated  pressure  evolution  is  in  good  agreement  with  the  measurement.  This  curve  is  presented  in 
dashed-line  in  Fig.  6.  However,  the  calculated  pressure  rise  can  also  be  attributed  to  the  neglect  of  the 
interaction  between  the  flame  and  the  neighboring  fluid.  The  wall  mass  transfer  due  the  propellant 
degradation  tends  to  decrease  the  heat  flux  received  by  the  propellant.  The  investigations  of  the 
calculated  and  experimental  wall  heat  fluxes  show  that  the  prediction  is  accurate  (see  Fig.  7).  This 
observation  is  confirmed  by  the  fact  that  the  first  ignition  point  is  very  well  predicted. 


Figure  7.  Wall  Heat  Flux  of  the  Afts-fins  Rocket  Motor 
during  Ignition  Transient 

The  comparison  between  experimental  and  numerical  chamber  pressure  evolutions  of  the  firing  test 
corresponding  to  the  simplified  motor  is  shown  in  Fig.8.  The  calculations  have  been  made  from  ignition 
until  the  rupture  of  the  pressure  seal  (the  rupture  is  progressive  and  it  is  difficult  to  predict  the  evolution 
of  the  crack  except  by  matching  the  calculated  pressure  with  the  measurements).  The  first  ignition  delay 
observed  is  ~  28  ms.  Taking  discrepancies  into  account,  the  experimental  delay  can  be  estimated 
between  12  and  27  ms.  The  mean  value  of  20  ms  is  probably  a  good  estimation. 

The  comparison  between  data  and  calculated  wall  heat  flux  indicates  an  underprediction  of  the  wall  heat 
flux  which  corresponds  in  fact  to  the  underestimation  of  the  ignition  delay  (see  Fig.  9).  This  deficiency 
is  caused  by  the  wall-function  relationship  of  the  numerical  code  which  is  well  adapted  for  flows 
parallel  to  the  wall.  Due  to  the  35°  angle  of  the  igniter  ports,  the  injection  flow  probably  creates,  at  the 
impact  with  the  wall,  a  heat  flux  stronger  that  the  predicted  one.  The  unsteady  behavior  of  the  propellant 
combustion  has  been  taken  into  account  in  the  unsteady  bum  rate  relationship  with  an  unsteady 
combustion  delay  (dt^nsi  )  of  ~  7  ms  (corresponding  to  AP-based  composite  propellants  without 
aluminum).  Although  the  calculated  ignition  delay  is  not  very  well  estimated,  the  shape  of  the  pressure 
evolution  with  respect  to  time  is  well  predicted.  The  axial  flame  propagation  in  the  motor  chamber  is 
much  slower  that  the  flame  propagation  in  the  first  motor  and  is  not  complete  when  the  pressure  seal  is 
ejected  at  40  bars. 
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Figure  8.  Experimental  and  Numerical  Pressure  Evolutions 
of  the  Simplified  Rocket  Motor 

Finaly,  in  both  cases,  the  surface  propagation  of  the  ignition  appears  to  be  of  secondary  importance 
compared  to  the  propagation  of  the  flame  by  convection  in  the  main  flow  and  can  be  neglected. 


CONCLUSIONS 

A  study  of  the  ignition  propagation  inside  subscale  solid  rocket  motors  was  conducted  by  developing 
a  multi-dimensional  numerical  tool  suited  to  the  simulation  of  internal  flows  induced  by  propellant 
combustion  and  igniter  supersonic  flows.  The  solution  procedure  treats  the  igniter  supersonic  flow,  the 
boundary  layer  at  the  propellant  surface  and  the  unsteady  behavior  of  the  propellant  combustion  during 
ignition  transient  period. 

The  results  of  the  calculations  indicate  that  the  code  is  able  to  accurately  describe  the  main  features  of 
the  phenomena  involved  during  ignition  transient.  The  evolution  of  the  pressure  and  the  propagation  of 
the  ignition  inside  the  motor  are  fairly  well  predicted.  Some  discrepancies  have  been  mentioned  and 
suggest  room  for  improvements  in  the  future.  The  wall-function  relationship  should  to  be  adapted  to  wall 
boundary  layers  with  mass  transfer  (due  the  propellant  degradation)  and  regions  of  non-boundary  layer 
type  flows.  Another  improvement  would  be  to  incorporate  the  complete  numerical  resolution  of  the 
unsteady  combustion  model  in  the  CFD  code.  The  influence  of  the  pressure  seal  rupture  is  a  study  in 
itself  and  can  not  be  modeled  successfully. 
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NOMENCLATURE 

ap  propellant  thermal  diffusivity  [mVs] 

Ag  pre-exponential  factor  of  the  gas  phase  reaction 
Ap  pre-exponential  factor  of  the  steady  state  degradation  reaction 
Bjgn  pre-exponential  factor  of  the  ignition  reaction 
C  specific  heat  [J/kg.K] 

Ep  activation  energy  of  the  ignition  and  steady  state  degradation  reactions  [J/mole] 

Eg  gas  phase  reaction  activation  energy  [J/mole] 

fp  damping  function 

mp  propellant  mass  flow  rate  [Kg/m^.s] 

p  pressure  (Pa) 

Pr  Prandtl  Number 

Qj  heat  released  by  the  ignition  and  steady  state  degradation  reactions  [J/kg] 

Qg  heat  released  by  the  gas  phase  reaction  [J/kg] 

qf  heat  flux  issuing  from  the  flame  [W/m^] 

Re  Reynolds  Number 

R  universal  gas  constant 

Rb  burning  rate  [m/s] 

t  time  [s] 

T  temperature  [K] 

Tq  solid  propellant  initial  temperature 

Tj.  temperature  at  the  near  wall  cell  center  [K] 

u  longitudinal  velocity  [m/s] 

Uc  longitudinal  velocity  at  the  near  wall  cell  center  [m/s] 
x  distance  [m] 

y  distance  to  the  wall  [m] 

y^  distance  from  the  cell  center  to  the  wall  [m] 

X  conductivity  [W/m.K] 

p  density  [Kg/m^] 

p  viscosity  [Kg/m.s] 

T  shear  stress  [Pa] 

^  heat  flux  [W/m2] 

X  =  0,41 

Subscripts 

ad  adiabatic 

b  burning  rate 

c  cell  center  adjacent  to  the  wall 

f  flame 
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g  gas  phase 

ign  ignition 

1  laminar 

p  solid  propellant 
s  propellant  surface 

t  turbulent 

unst  unsteady 

w  related  to  the  wall  boundary  of  the  computational  grid 
Superscript 

steady  values 


ANNEX  1 

Ignition  propagation  at  the  propellant  surface 

The  ignition  propagation  velocity  is  the  result  of  the  heat  transfer  by  conduction  in  the  gases  issuing 
from  the  propellant  surface.  The  simplified  unsteady  model  used  to  evaluate  the  velocity  concerns  the 
heat  transfered  by  conduction  which  causes  the  inflammation  of  the  gases  produced  by  the  propellant 
degradation.  The  energy  balance  of  the  gases  at  the  propellant  surface  can  be  written  as  : 


fit 

=  K—  *  exp{— ?-) 

*  dx^  ^  RT 

II 
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II 
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II 

iga 

^-0 

dx 


where  x  is  the  direction  parallel  to  the  propellant  surface. 


The  propagation  occurs  close  to  the  propellant  surface  in  a  thin  zone  that  is  assumed  to  be  at  a 
temperature  Tj  close  to  the  ignition  temperature.  This  is  a  condition  necessary  for  the  ignition 
propagation.  Therefore,  one  can  linearize  the  chemical  term  which  can  be  expressed  as  : 
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One  obtains  the  following  solution  : 
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This  reduces  to  the  approximated  relation  which  gives  the  delay  tf  necessary  for  the  ignition  to  propagate 
on  a  distance  AL  and,  consequently,  the  propagation  velocity  : 


AL 


“ 


^prop  =  ^  =  2  a  (20) 

^  exp( -£•)£• 


where  a  is  a  constant  adjusted  from  the  exact  calculation  of  the  solution  (a  =  0.65). 

The  difficulty  in  determining  the  propagation  velocity  is  the  estimation  of  the  low  temperature  reaction 
mechanism  at  the  propellant  surface.  The  assumption  made  is  that  the  reaction  mechanism  is  the  ignition 
mechanism  previously  established  (the  values  used  are  in-depth  reaction  kinetic  parameters  instead  of 
superficial  reaction  kinetic  parameters).  The  temperature  in  the  propagation  zone  is  chosen  as  the 
ignition  temperature  (Tjg^  =  690  K).  The  propellant  gas  characteristics  estimated  at  low  pressure  are: 

Ap  =  0.05  W/m.K,  Pp  =  5  Kg/m',  Cp  =  1250  J/Kg.K, 

which  gives  Vp^^p  =15  m/s.  This  combustion  propagation  velocity  is  the  value  used  in  the  numerical 
calculations 
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EVALUATION  OF  THERMOCHEMICAL  EROSION  OF  THE  SOLID 
PROPELLANT  ROCKET  GRAPHITE  NOZZLE  THROATS  BY 
INTEGRAL  BOUNDARY  LAYER  TECHNIQUE 
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ABSTRACT-  An  aerothermochemical  model  for  the  graphite  nozzle  erosion  of  the  rocket  motors 
was  developed.  The  theoretical  modeling  of  the  problem  is  similar  to  the  approach  of  Kuo  and 
Keswani  and  the  solution  technique  differs  in  modeling  of  the  boundary  layer  over  the  nozzle.  In  this 
study,  the  integral  formulation  and  solution  of  the  boundary  layer  equations  for  highly  accelerating 
flow  in  rocket  nozzles  derived  by  D.R.  Bartz  was  used  in  the  throat  erosion  calculations.  The 
integral  energy  equation  was  modified  by  including  heterogeneous  wall  reactions.  It  was  assumed 
that  the  mass  transfer  Stanton  number  is  equal  to  heat  transfer  Stanton  nmnber  and  diffusion 
controlled  erosion  was  calculated  accordingly.  Predicted  results  showed  good  agreement  with 
Geisler's  experimental  data  and  the  theoretical  predictions  made  by  Kuo  and  Keswani.  The  integral 
method  used  in  this  study  is  found  to  be  yielding  the  results  faster  than  the  differential  method. 

INTRODUCTION 

Carbon-carbon  composites  and  graphitic  materials  (pyrolitic  and  crystalline)  have  found  increasing 
use  in  the  manufacture  of  nozzles  and  nozzle  throats  for  the  solid  propellant  rocket  motors  due  to 
their  high  resistance  and  strength  to  high  temperatures  and  high  pressures.  It  was  observed  that  these 
materials  were  subjected  to  erosion  during  the  operation  of  the  solid  propellant  rocket  motors.  The 
erosion  of  the  material  in  the  throat  region  results  with  the  increase  in  the  throat  area,  and  hence, 
decrease  in  the  motor  performance  .  The  decrease  in  the  performance  due  to  throat  erosion  must  be 
determined  and  the  result  must  be  used  in  the  development  of  the  solid  propellant  rocket  motor.  One 
way  to  determine  the  throat  erosion  is  to  perform  full  scale  test  firing.  This  method  requires 
considerable  time  and  expense.  The  other  method  is  numerical  simulation  that  is  cheap  and  fast 
compared  to  the  first  method. 

The  identification  and  description  of  the  major  significant  mechanisms  taking  place  in  the  nozzle 
regression  constitute  a  relatively  recent  field  of  study  in  solid  rocket  technology.  There  are  several 
experimental  and  theoretical  works  reported  in  the  literature.  Geisler  [2]  used  an  experimental  motor 
to  measure  the  recession  rate  of  carbon-carbon  composites  and  bulk  graphites  as  a  function  of 
aluminum  content  of  the  propellant.  Geisler  found  out  that  the  recession  rate  was  proportional  to  the 
concentration  of  H2O,  OH  and  CO2  and  inversely  proportional  to  H2  concentration.  Geisler  also 
concluded  that  chemical  attack  was  the  only  significant  mechanism  for  the  throat  erosion.  Klager  [3] 
had  conducted  experimental  firings  and  found  the  similar  results. 

Recently,  Kuo  and  Keswani  [4]  developed  a  comprehensive  model  for  the  carbon-carbon  erosion. 
Keswani  solved  the  problem  with  boundary  layer  solution  method  developed  by  Spalding  and 
Patankar  [5].  In  this  model,  gas  phase  conservation  equations  were  Favre  averaged  to  account  for 
variable  density  effects.  Two  equations  (k-e)  turbulence  closure  model  was  used  for  the  final 
averaged  gas-phase  conservation  equations.  Keswani  showed  that  recession  was  strongly  influenced 
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by  propellant  composition,  chamber  pressure  and  motor  geometry  and  the  recession  was  due  to  the 
oxidation  of  carbon  to  carbon  monoxide  by  water  vapor  and  carbon  dioxide.  The  analysis  also 
showed  that  the  influence  of  chemical  kinetics  was  predominant  only  when  surface  temperature  was 
low.  The  recession  rate  was  largely  determined  by  the  diffusion  rate  of  oxidizing  species  when  the 
nozzle  surface  temperature  has  reached  about  2500  K. 

Borie,  Brulard  and  Lengelle  [6]  investigated  the  same  problem  but  they  assumed  that  only  H2O 
reacts  with  the  carbon-carbon  surface,  CO2  being  in  very  small  amount.  Because  of  the  complexity 
of  the  problem,  they  solved  the  boundary  layer  equations  by  a  two  step  process: 

1 .  Reference  (k-s)  boundary  layer  calculations  on  a  smooth  wall. 

2.  Practical  integral  boundary  layer  calculations  with  coefficients  adjusted  on  the 

results  of  the  (k-s)  solutions. 

They  compared  the  theoretical  model  with  the  experiments  and  found  out  that  the  surface  roughness 
induced  by  the  erosion  has  significant  effect  on  the  heat  and  mass  transfer.  They  showed  that  the 
controlling  mechanism  of  the  erosion  was  intermediate;  30%  chemical  and  70%  diffusion  controlled. 

The  objective  of  this  study  is  to  establish  a  physical  and  mathematical  model  for  the  carbon-carbon 
erosion.  The  model  includes  the  effect  of  the  propellant  composition,  chamber  pressure,  kinetically 
and  diffusion  controlled  regimes,  as  well  as  transient  effects  are  considered  in  the  model. 


THEORETICAL  FORMULATION 
A.  Physical  Model  for  Carbon-Carbon  Erosion 

As  the  solid  propellant  motor  operates,  carbon-carbon  nozzle  is  exposed  to  the  hot  combustion  gases 
that  form  a  turbulent  boundary  layer  over  the  nozzle  surface.  Specie  like  CO2  and  H2O  diffuse  all 
along  the  boundary  layer  and  reach  to  the  surface.  These  species  react  with  the  surface  and 
heterogeneous  surface  reactions  takes  place.  They  are  assumed  to  react  with  carbon  as  follows: 

C(s)  +  H20-^C0  +  H2  (1) 

C(s)  +  C02 ->2CO  (2) 

The  erosion  of  the  graphite  is  forced  with  kinetically  and  diffusionally  controlled  reactions.  In  order 
to  account  both  diffusion  and  chemical  kinetics  the  following  conventional  formula  is  employed  in 
the  analysis: 


L^c.d  r,.chj 

The  kinetic  recession  rate  depends  on  the  kinetics  of  the  heterogeneous  reactions,  the 

concentrations  of  the  various  reactants  and  the  surface  temperature  of  the  nozzle.  The  siuface 
temperature  is  determined  by  the  transient  heat-conduction  response  of  the  graphite  nozzle  and  the 
heat  transfer  from  the  combustion  gases. 

B.Modelling  of  the  Heterogeneous  Chemical  Reactions 

B.l  Kinetically  Controlled  Erosion 

For  kinetically  controlled  erosion  regime  the  burning  of  the  graphite  with  each  specie  can  be 
expressed  as  a  function  of  surface  temperature  through  the  use  of  the  Arrhenius  law  of  surface 
pyrolysis: 
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(4) 


^c,ch,. 


where  pi,  pc,  and  Tg  represent  partial  pressure  of  steam  or  carbon  dioxide,  nozzle  material  density, 
universal  gas  constant  and  surface  temperature,  respectively.  The  activation  energy  s  the  pre¬ 
exponential  factor  As  are  taken  to  be  41.9  kcal/mole  and  2470  kg/(m2*s.atmk  [4],  Using  this 
equation,  the  recession  rate  of  graphite  in  the  limit  of  chemical  kinetics  control  can  be  expressed  as 

^c,ch  ^  !  ^c,ch,i  (5) 

As  it  can  be  seen  from  the  equation  (4)  kinetically  controlled  erosion  regime  is  strongly  dependent 
on  the  surface  temperature  and  reactants  partial  pressure.  As  time  proceeds,  the  surface  temperature 
increases  due  to  the  convective  heat  transfer  from  the  hot  combustion  gases  to  the  solid  wall  and 
infinitely  fast  kinetic  rates  are  obtained  at  the  nozzle  surface,  thus,  the  recession  is  controlled  by 
diffusion  only.  The  surface  temperature  Tg,  can  be  found  from  the  transient  heat  transfer  analysis  in  a 
semi-infinite  solid: 


T.-T, 

T.-T. 


(6) 


where  Tj,  h,  a,  k  and  t  are  initial  graphite  surface  temperature,  free  stream  gas  temperature, 
convective  heat  transfer  coefficient,  thermal  diffusivity  and  thermal  conductivity  and  time, 
respectively. 


B.2  Diffusionally  Controlled  Erosion 

In  the  diffusionally  controlled  erosion  regime  the  rate  of  the  surface  recession  is  obtained  by 
assuming  the  analogy  between  heat  and  mass  transfer.  It  is  assumed  that  both  temperature  and  the 
concentration  profiles  develop  together  in  the  same  manner,  hence,  the  driving  potential  for  both 
heat  and  mass  transfer  is  the  same.  So  the  formulation  that  was  used  in  order  to  find  the  heat 
transfer  is  also  valid  for  the  diffusion.  The  empirical  Stanton  number  was  utilized  for  both  heat  and 
mass  transfer.  The  following  equations  were  employed  in  order  to  find  the  diffusion  controlled 
erosion  as  follows: 


h^  -  St^  (7) 

where  h^^,  U^^  and  Stjj^  are  convective  mass  transfer  coefficient,  free  stream  gas  velocity  and  the 
mass  transfer  Stanton  number,  respectively.  Thus,  the  reactants  consumption  rate  m,  at  the  surface 
are  found  by  the  following  formula. 

(Pi-Ps)  (8) 

i 

where  pj  and  pg  are  free  stream  and  surface  densities  of  i*^  species,  respectively.  Since  infinite 
reaction  rates  are  obtained  at  the  nozzle  surface,  the  concentration  at  the  nozzle  surface  is  veiy  small 
compared  to  free  stream  concentration  values,  and  it  is  neglected.  Finally,  the  recession  of  the 
graphite  surface  is  obtained  by  the  following  formula  : 


^c,d 


(9) 


1064 


where  and  W,  represent  molecular  weights  of  carbon  and  species  i.  For  the  kinetically  controlled 
and  difflisionally  controlled  erosion  for  the  graphite  surface,  convective  heat  transfer  and  mass 
transfer  coefficients  must  be  known.  In  order  to  find  these  transfer  coefficients,  boundary  layer  flow- 
in  the  nozzle  must  be  solved.  The  following  part  describes  the  method  that  was  used  in  this  analysis. 

C.  Governing  Equations  for  the  Boundary  Layer  Region 

The  simplest  and  the  fastest  method  for  the  solution  of  the  turbulent  boundary  layer  development  is 
the  simultaneous  solution  of  the  integral  forms  of  the  boundary  layer  momentum  and  energy 
equations.  The  weakness  of  the  solution  technique  is  that  it  needs  experimental  or  empirical  relations 
for  the  coefficients  within  the  differential  equations.  The  formulation  can  be  simplified  by 
reasonable  assumptions.  The  integral  formulation  and  solution  of  the  boundary  layer  equations  for 
highly  accelerating  flow  (for  rocket  nozzles)  had  been  used  by  numerous  researchers  successfully 
and  among  them  the  method  derived  by  D.R.  Bartz  [1]  was  used  in  the  boundary  layer  calculations 
in  this  analysis. 

The  following  assumptions  were  made  in  the  derivation  of  the  equations: 

1 .  The  flow  is  axisymmetric  and  steady  and  there  is  no  swirl  in  the  flow. 

2.  The  boundary  layer  is  confined  to  a  distance  from  the  wall  which  is  small 

compared  with  the  distance  from  the  symmetry  axis. 

3.  The  axial  momentum  was  balanced  with  the  pressure  and  the  wall  friction. 

4.  The  flow  outside  the  boundary  layer  is  isentropic  and  parallel  to  wall. 

5.  The  pressure  does  not  change  in  the  radial  direction. 

6.  The  laminar  viscosity  depends  exponentially  upon  temperature  (Sutherland’s  Law). 

7.  The  flow  is  turbulent  all  along  the  nozzle. 


C.l  The  Integral  Momentum  Equation 

The  basic  form  of  the  integral  momentum  equation  is  given  by: 

^(rpU„2e  )=  rpx3-rpU„8*^  (10) 

dx  dx 

where  r,  x,  ig,  0  and  5*  are  coordinate  in  radial  direction,  distance  along  the  nozzle  wall  in  the  flow 
direction,  retarding  wall  shear  stress,  momentum  and  the  displacement  thicknesses  respectively.  It 
can  be  expressed  in  a  more  convenient  form  by  differentiating  and  introducing  the  skin-friction 
coefficient  Cf.  Under  assumptions  (4)  and  (5),  the  expressions  involving  p  and  U„  can  be  written  in 
terms  of  Mach  number  M,  as  follows: 


1 

d(pUJ 

l-M^ 

dM 

pU. 

dx  [ 

M 

2  J 

dx 

Transforming  the  independent  variable  to  z  ,  the  distance  along  the  nozzle  axis  the  following  can  be 
derived: 


dx 

dz 


(12) 
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The  final  form  of  the  momentum  equation  will  be  as  shown  below; 


dz 


2-M^  +- 


e  dM 


1  dr 

^ - 

r  dz 


(13) 


C.2  Integral  Energy  Equation 

The  basic  form  of  the  boundary  layer  integral  energy  equation  is  given  by: 

^[(rpU.  Cp  (T„-T,)(j)  )]  =  rq  +  rq.  (14) 

where  Cp,  represent  specific  heat  of  free  stream  gas  and  boundary  layer  energy  thickness 
respectively.  The  term  q  is  used  for  the  surface  heat  transfer  rate  that  occurs  due  to  the  temperature 
gradient  between  the  wall  and  the  free  stream.  The  term  q^  is  calculated  by  finding  the  net  change  of 
enthalpy  due  to  erosion  of  the  graphite  surface  with  hot  reactive  gases.  Equation  (14)  is  the  integral 
energy  equation  for  thin  axi-symmetric  boundary  layers  in  terms  of  energy  thickness  (|).  It  can  be  put 
in  a  more  convenient  form  by  differentiating  by  parts,  introducing  the  definition  of  the  Stanton 
number,  St^,  substituting  Eq.(l  1)  and  transforming  the  independent  variable  to  z  and  rearranging  to 
give 


dz 

-4> 


- % — I 

T.-tJ  pU„C,(T„-TjJ[ 

d(pUJ  ^  1  dr  1  dT. 
,  dz  r  dz  T„  -  T,  dz 


1  + 


(15) 


In  order  to  solve  these  two  differential  equations  (13)  and  (15)  simultaneously,  it  is  necessary  to 
specify  the  expressions  for  Cf  and  Stjj  in  temis  of  the  variables  0  and  The  evaluation  of  these 
parameters  was  described  by  Bartz  et  al  [1].  With  the  specification  of  Cf  and  Stj^  only  the  local  Mach 
number  at  the  edge  of  the  boundary  layer  and  the  boundary  layer  shape  parameter  6*/0  need  to  be 
determined  in  order  to  proceed  with  the  solution  of  the  integral  momentum  and  integral  energy 
equations  for  0  and  (j),  respectively.  In  (15)  the  adiabatic  wall  temperature  was  calculated  by  using 
the  recovery  factor  of  0.9. 


RESULTS 

The  coupled  differential  equations  were  solved  simultaneously  to  predict  the  erosion  rate  of  the 
carbon-carbon  nozzles  and  the  results  were  compared  with  the  differential  model  used  by  Kuo  and 
Keswani.  In  the  differential  formulation  the  turbulent  boundary  layer  over  the  nozzle  was  solved  by 
Patankar  Spalding  technique  and  the  methodology  suggested  by  Kuo  and  Keswani  was  used  to  run 
the  program.  In  the  program  standart  (k-e)  turbulence  model  was  used.  It  was  detected  that  the 
modification  of 'von-Driest  according  to  the  surface  roughness  did  not  affect  the  results  and  because 
of  this  fact  the  law  of  the  wall  was  used  for  evaluation  of  the  surface  boundary  conditions  of  (k-s). 
Laminar  to  turbulent  flow  transition  was  not  considered  and  the  computations  were  started  for  the 
turbulent  flow  at  the  inlet.  Turbulent  Prandtl  and  Lewis  numbers  of  0.9  were  used. 
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The  nozzle  configuration  for  which  the  results  of  the  computations  were  obtained  is  given  below. 
The  nozzle  has  an  elliptic  entrance  region  and  a  conic  exit  cone. 
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Figure  1 .  Nozzle  Geometry 


The  results  of  the  integral  technique  is  compared  to  that  of  Patankar  Spalding  technique  in  the 
following  figures. 


Axial  Distance,  (m) 


Figure  2.  Variation  of  Boundary  Layer  Thickness  in  Nozzle 

Figure  2  shows  the  variation  of  the  boundary  layer  thickness  along  the  nozzle.  The  boundary  layer 
thickness,  that  begins  to  increase  at  the  entrance  of  the  nozzle,  has  been  affected  by  the  variation  of 
mass  flux.  It  reaches  a  maximum  in  the  entrance  region  and  thereafter  is  forced  to  decrease  before 
approaching  to  the  throat.  As  mass  flux  decreases  in  the  exit  cone,  the  boundary  layer  thickness 
increases  again.  Differential  and  integral  solutions  deviate  fi'om  each  other  in  the  exit  cone  region.  It 
was  assumed  that  the  integral  formulation  fails  to  predict  mass  entrainment  rates  through  the 
boundary  layer.  This  problem,  however,  does  not  influence  erosion  at  the  throat,  since  both  methods 
predicts  the  same  thickness  at  the  throat. 

Figure  3  and  4  represents  the  variation  of  the  velocity,  turbulent  kinetic  energy  and  eddy  viscosity  at 
the  throat  location.  As  it  can  be  seen  from  Figure  3,  the  assumed  power  law  velocity  profile  for  the 
integral  solution  is  consistent  with  the  velocity  profile  obtained  from  the  exact  formulation. 
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Figure  3.  Velocity  Profiles  at  Throat  Figure  4.  Turbulent  Kinetic  Energy 

and  Eddy  Viscosity  at  Throat 


Figure  5.  Variation  of  Skin  Friction  Coefficient  in  Nozzle 

Figures  5  shows  the  variation  of  the  skin  friction  coefficient  along  nozzle  axis.  The  skin  friction 
coefficient  obtained  from  the  differential  solution  deviate  from  that  of  the  integral  solution  at  the 
nozzle  entrance.  Both  methods  predict  the  same  skin  friction  coefficient  at  the  throat.  It  was 
asssumed  that  the  difference  between  the  solutions  at  the  entrance  region  is  due  to  the  skin  friction 
data  used  in  integral  formulation.  The  skin  friction  coefficient  data  of  Coles  [1]  is  not  adequate  for 
the  entrance  region  because  it  is  applicable  for  flat  wall  flow  at  constant  pressure.  In  the  entrance 
region,  the  local  flat  wall  assumption  can  not  represent  the  correct  picture  since  in  this  region  the 
flow  accelerates  very  fastly  in  a  short  distance  which  is  due  to  the  elliptic  geometry.  In  the 
differential  formulation,  however,  the  axial  pressure  drop  term  was  taken  into  account  in  the 
calculation  of  wall  shear  as  proposed  by  Spalding  [5].  The  secondary  peak  in  the  differential 
formulation  is  due  to  the  increase  of  wall  shear  and  momentum  flux  in  the  entrance  region. 
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Figure  6.  Variation  of  Convective  Heat  Transfer  Coefficient  and  Stanton  Number  in  Nozzle 

The  variation  of  convective  heat  transfer  coefficient  and  erosion  rate  of  graphite  along  nozzle  axis 
are  shown  in  Figures  6  and  7.  The  convective  heat  transfer  coefficient  in  the  nozzle  reaches  its 
maximum  value  at  the  throat  due  to  higher  mass  flux,  as  shown  in  Figure  6.  A  similar  argument  is 
valid  for  the  graphite  erosion  rate  at  the  throat.  The  convective  heat  transfer  Stanton  numbers 
monotonically  decreases  along  the  nozzle,  and  the  values  at  the  throat  location  are  the  same  for 
integral  and  differential  solutions.  Both  integral  and  differential  solutions  have  predicted  the  same 
heat  transfer  and  erosion  rates  at  the  throat,  and  also  results  obtained  for  exit  cone  and  entrance 
regions  are  very  close  to  each  other. 


A;<ial  Distance,  (m) 

Figure  7.  Variation  of  Graphite  Erosion  Rate  in  Nozzle 

Finally,  Figure  8  compares  the  results  of  the  integral  solution  wdth  the  Geisler's  experimental  data. 
As  it  can  be  seen  the  experimental  findings  are  in  good  agreement  wdth  the  integral  formulation 
solutions. 
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Figure  8.  The  Effect  of  Aluminum  Content  in  Total  Erosion 


DISCUSSION  AND  CONCLUSION 

In  the  present  study,  aerothennochemical  erosion  of  graphite  nozzle  throats  were  investigated.  The 
diffusion  controlled  erosion  regime  was  solved  by  using  integral  boundary  layer  approach.  This 
modeling  resulted  with  two  ordinary  differential  equations  for  the  momentum  and  energy.  The 
parameters  appear  in  both  equations  were  obtained  by  experimentally  and  these  are  skin  J^ction 
coefficient  and  the  heat  transfer  Stanton  number  found  from  the  von-Karman  type  of  analogy. 
Diffusional  fluxes  of  oxidizing  species  through  the  boundary  layer  was  evaluated  by  using  the  heat 
transfer  Stanton  number  for  mass  transfer  process. 

The  solution  of  the  new  technique  compared  well  with  the  differential  solution  technique  proposed 
by  Kuo  and  Keswani.  It  was  found  out  that  both  models  predicted  the  same  behavior  for  the 
boundary  layer  thickness  variation  up  to  throat  location  and  the  solutions  were  found  to  be  different 
in  the  exit  cone  region.  The  reason  for  this  discrepancy  was  regarded  to  be  that  the  integral 
formulation  failed  to  predict  the  entrainment  rate  in  to  the  boundary  layer.  From  the  differential 
solution  technique,  it  was  detected  that  the  temperature  profile  in  the  entrance  region  and  near  the 
throat  region  resembles  to  that  of  turbulent  pipe  flow  profile  and  in  the  exit  cone  region.  This 
similarity  vanishes  and  temperature  changes  almost  linearly  from  the  nozzle  wall  to  the  edge  of 
boundary  layer.  In  the  integral  boundary  layer  solution  technique,  however,  the  temperature  profile 
does  not  change.  This  means  that  mass  flow  rate  calculated  with  in  the  boundary  layer  was  confined 
to  a  narrower  thickness  compared  to  the  thickness  calculated  in  differential  solution.  This  explains 
the  difference  between  the  two  models  in  the  exit  cone  region. 

The  calculated  skin  friction  coefficient  and  the  heat  transfer  Stanton  number  variation  in  the 
entrance  region  were  found  to  be  relatively  different  in  the  integral  and  differential  solution 
technique.  In  the  integral  formulation  the  correlation  used  for  the  skin  friction  coefficient  and  the 
Stanton  number  hold  for  the  gradual  nozzle  contours.  In  the  experimental  nozzle  for  which  the 
computations  were  performed,  the  entrance  region  geometry  has  not  a  gradual  contour  and  this 
explains  the  reason  of  this  discrepancy. 

Although  there  are  some  differences  between  the  two  models  in  the  entrance  region  and  exit  cone, 
both  models  converge  to  the  same  solution  near  the  throat  location.  This  means  that  the  integral 
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formulation  is  satisfactory  for  graphite  erosion  simulations  and  can  be  used  in  nozzle  design.  The 
integral  method  is  preferred,  since  it  calculates  the  results  faster  than  the  differential  method. 


REFERENCES 

1 .  Bartz,  D.R.,  Survey  of  the  Relationship  Between  Theory  and  Experiment  fjr  Convective  Heat 
Transfer  from  Rocket  Combustion  Gases,  Advances  in  Tactical  Rocket  Propulsion,  AGARD  CP~ 
7, pp.  293-381, 1968. 

2.  Geisler,  R.L.,  The  Relationship  Between  Solid  Propellant  Formulation  Variables  and  Nozzle 
Recession  Rates,  presented  at  the  JANAF  Rocket  Nozzle  Technology  Subcommittee  Workshops, 
1978,  Lancaster,  CA. 

3.  Klager,  K.,  The  Interaction  of  Efflux  of  Solid  Propellants  with  Nozzle  Materials,  Propellants  and 
Explosives,  Vol.  2,  pp.  55-63,  1977. 

4.  Kuo,  K.K.,  and  Keswani,  S.T.,  A  Comprehensive  Theoretical  Model  for  Carbon  Carbon 
Composite  Nozzle  Recession,  Combustion  Science  and  Technology,  Vol.  42,  pp.  145-164,  1985. 

5.  Patankar,  S.V.  and  Spalding,  D.B.,  Heat  and  Mass  Transfer  in  Boundary  Layers,  Intertext 
Books,  London,  1970. 

6.  Borie,  V.,  Brulard,  J.,  and  Lengelle,  G.,  Aerothermochemical  Analysis  of  Carbon-Carbon 
Nozzle  Regression  in  Solid-Propellant  Rocket  Motors,  Journal  of  Propulsion  and  Power,  Vol.  5, 
pp.  665-673,  1989. 


COMMENTS 

Prof.  H.  H.  Chiu,  Institute  of  Aeronautics  and  Astronautics,  National  Cheng  Rung  University, 
Tainan,  Taiwan,  R.O.C.: 

The  heat  transfer  and  skin  friction  depend  on  the  drag  law  used.  In  the  presence  of  erosive 
gasification,  drag  law  must  be  corrected  for  the  wall  gasification  because  of  the  increased 
effective  boundary  layer  thickness.  Does  the  drag  law  used  in  your  calculation  account  for  the 
effect  of  gasification  at  the  wall? 

Authors’  Reply: 

The  erosion  rate  of  graphite  is  not  very  fast,  and  thus  the  effect  of  gasification  and  mass  addition 
to  the  boundary  layer  is  not  significant.  Because  of  this,  the  drag  law  used  in  the  model  is  quite 
adequate.  If  the  material  used  in  the  nozzle  insert  had  been  thermoset,  we  would  have  included 
the  mass  addition  effect,  since  the  ablation  rate  would  have  been  very  large  compared  to  graphite. 

Dr.  Elaine  Oran,  Naval  Research  Lab,  Washington,  DC,  USA: 

(1)  Why  do  you  think  the  boundary  integral  method  is  giving  as  good  a  result  as  it  is?  (2)  What 
are  the  weak  points  of  the  input  in  the  differential  model?  (3)  Can  you  quantify  how  valid  it  is  to 
use  a  k-e  model? 

Authors’  Reply: 

The  boundary  layer  integral  method  uses  appropriate  turbulent  velocity  and  temperature  profiles 
with  acceptable  experimental  skin-friction  data.  These  parameters  allow  us  to  solve  the  turbulent 
boundary  layer  quite  precisely.  Although  the  differential  method  is  more  reliable  than  that  of 
integral  method,  it  is  very  slow  (regarding  computational  speed),  and  hence  it  cannot  be  used  in 
the  preliminary  design  stage  of  solid  rocket  motors.  The  k-epsilon  turbulence  model  is  one  of  the 
most  widely  used  models,  especially  in  accelerating  nozzle  flows.  We  believe  that  it  is  a  valid 
model. 
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A  NUMERICAL  STUDY  ON  UNSTEADY  PRESSURE  FLUCTUATIONS  OF  DAVIS  GUN 


Han-Chang  CHO\  Jae-Kun  YOON^  and  Hyun  Dong  SHIN^ 

^  :  Department  of  Mechanical  Engineering,  Korea  Advanced  Institute  of  Sdeaice  and  Technology, 
371-1,  Kusong-dong,  Yuseong-gu,  Taejon,  305-701,  KOREA 
^  :  School  of  Industrial  and  System  Engineering,  Hansung  University,  389,  2-ga,  Samsun-dong, 
Sungbuk-gu,  Seoul,  136-792,  KOREA 


ABSTRACT  :  Interior  ballistics  code  for  unsteady  pressure  fluctuations  in  a  Davis  gun  with  two 
moving  boundaries  was  developed  using  two-phase  fluid  dynamic  model.  Numoical  simulation  results 
were  compared  with  experimental  values  to  evaluate  the  feasibility  of  the  interior  ballistic  code.  By 
comparing  numerical  analysis  with  the  experim^tal  data,  the  numerical  pressure-time  history  and 
muzzle  velocities  of  the  projectile  and  the  countermass  closely  agreed  with  the  experimental  data.  The 
strong  pressure  waves  were  not  observed  unlike  other  works.  It  was  condd^ed  that  this  was  owing 
to  the  high  initial  porosity  and  charge  ignition  near  the  center  of  the  gun.  The  pressure  wave  amplitude 
was  increased  exponentially  by  the  lower  initial  porosity. 


INTRODUCTION 

At  the  gun  interior  ballistics,  interest  in  the  longitudinal  structure  of  the  pressure  field  has  been 
intensified  for  the  generation  of  strong  pressure  waves  in  the  gun.  The  strong  pressure  waves  have 
been  associated  with  charges  in  which  malfunctions,  catastrophic  overpressure,  have  occurred.  Also, 
the  presence  of  large-amplitude  pressure  waves  is  associated  with  increased  mu^e  vdc)dty 
variability.  The  previous  works  on  the  unsteady  pressure  fluctuation  generally  carried  out  in  a 
conventional  gun  with  a  moving  boundary.  However,  the  num^ical  analysis  in  this  study  are 
conducted  in  a  Davis  gun  with  two  moving  boundaries. 

Davis  gun^  is  a  specid  type  of  recoilless  gun.  In  a  Davis  gun,  a  countermass  made  of  some  particulate 
material,  e.g.  metal  powder,  plastic,  liquid  and  solid  moving  masses,  etc.,  is  gected  to  the  rear,  in 
addition  to,  or  instead  of,  the  combustion  gases.  The  projectile  and  the  countermass  are  subjected  to 
approximately  equal  but  opposite  direction  forces,  and  this  gun  has  little  or  no  recoil  force. 

The  main  objective  of  this  study  is  to  devdop  the  interior  ballistic  code  of  Davis  gun  for  the  analysis 
of  the  unsteady  pressure  fluctuations.  The  predictive  code,  using  the  one-dimensional  two-phase 
model,  has  been  developed.  By  comparing  the  numerical  analysis  results  with  the  experimental  data, 
we  would  like  to  evaluate  the  validation  and  usefulness  of  the  interior  ballistics  code.  Also,  the 
combustion  behavior  in  the  gun  are  numerically  examined. 
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ANALYSIS 


Figure  1  illustrates  the  schematic  calculation  domain  of  test  gun.  The  size  of  the  gun  is  6.0  cm  i.d.  and 
JOO  cm  long.  The  longitudinal  coordinate  is  imposed  on  the  distance  &om  the  center  of  the  granular 
bed.  The  left  boundary(  x  =  )  and  the  right  boundary(  Xp  )  of  the  bed  are  called  the  countermass 

base  and  the  projectile  base,  respectively.  The  primer  which  hdLS  10  g  BKNO3  is  used  to  ignite  45  g  of 
disk  plate  shaped  M9  propellant.  The  propellant  is  initially  charged  up  with  7.5  cm  length,  from  Xc  =  - 
3.75  cm  to  Xp  =  3.75  cm.  Both  the  countermass  and  the  projectile,  which  are  made  of  the  same  rigid 
metal,  have  similar  masses.  (  3848  g,  3841  g ) 


1 

Calculation  domain 

'^////////. 

''////////////////. 

^///////ZZy. 

\ 

Countermass 

1 

\ 

Projectile 

Uc- - 

Granular  Propellant  Bed 

^  — „...Up 

x=0 


Figure  1.  Schematic  calculation  domain 


Basic  Assumptions  and  Governing  Equations 

Kuo's  two-phase  fluid  dynamic  model^  is  selected  among  the  one-dimensional  two-phase  models.^"^ 
This  model  was  developed  by  formulating  the  governing  equations  on  the  basis  that  the  fluxes  were 
balanced  over  the  control  volumes  occupied  separately  by  gas  and  particle  phases. 

The  assumptions  for  this  model  are  as  follows:  a)  penetrating  hot  primer  gas  do  not  make  energy 
gradient  in  the  radial  direction  by  well-distributed  penetration,  b)  the  propellant  gas  mixture  is 
described  by  the  Noble-Abel  equation  of  state,  c)  after  the  ignition,  the  propellant  grain  has  uniform 
burning  velocity  and  the  steady-state  burning  rate  law  can  be  used  to  describe  the  recession  rate  of  the 
propellant  grains,  and  d)  propellant  grains  are  incompressible,  and  all  of  them  have  the  same  size  and 
configuration. 

Under  the  above  assumptions,  the  governing  equations  are  formulated  as  follows.  The  mass  equations 
are 


+ - ^sPs^b+^ign 


a 


dx 


dx 


Psh 


(1) 

(2) 


where  the  subscripts  g  and  s  denote  gas  phase  and  particle  phase,  respectively,  r\,  is  the  rate  of 
propellant  burning  and  is  the  mass  flow  rate  of  the  penetrated  hot  primer  gas.  The  bed  porosity  (j> 
is  the  ratio  of  void  gas  volume  to  total  control  volume.  And  the  specific  surface  area^^  represents  the 
effective  propellant’s  surface  area  exposed  to  the  fluid  per  umt  volume.  That  is, 


As 


(3) 


where  Ss  and  Vs  represent  the  propellant  surface  area  and  the  volume,  respectively. 
The  momentum  equations  are 
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(4) 
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dl  dx 
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where  is  intergranular  normal  stress  to  account  for  the  particle-partide  int^action,  Dy  is  the 
interphase  drag  force,  and  are  the  shear  stress  between  the  gas  and  the  wall  of  the  gun  and 
that  between  the  particle  and  the  wall,  respectively.  and  are  the  perimeter  between  the  wall 
and  the  gas  phase  and  that  between  the  wall  and  the  particle  phase,  respectively. 

The  gas-phase  energy  equation  is 

^^PgE)  ^  Sj^PgUgE)  ^  ^ 

dt  3c  dt  dc  (6) 

”  ^sPs^b^f  ~  -^S^t  (P~  ^j)  “  Qw  '^^ign^ign 

where  E  is  the  sum  of  internal  energy  and  kinetic  energy,  q  is  gas  phase  heat  transfer  by  conduction,  hf 
is  heat  of  combustion,  Tss  is  the  particle  surface  temperature,  and  2wis  heat  loss  through  the  chamber 
wall. 

Propellant  temperature  should  be  obtained  to  determine  the  ignition  condition  and  the  rate  of  heat 
transfer  from  the  gas  to  the  particle  phase.  For  low  heat  conductivity  coeflScient  and  short  transient 
process,  the  temperature  profile  in  a  grain  has  a  steep  gradient  as  shown  in  Figure  2.  Therefore,  in 
order  to  decide  more  precise  ignition  time  and  the  heat  transfer  rate,  the  propcUant  surface 
temperature  instead  of  propellant’s  bulk  temp^-ature  should  be  required.  Uring  the  disc  plate  type 
grain  in  the  present  study,  an  equation  rimilar  to  Kuo's  one^  for  bdl  type  propellant  was  derived.  The 
disc  plate  type  grain  can  be  represented  by  the  cylindricd  coordinate,  as  sho\wi  in  Figure  2.  Since  heat 
transfer  depends  on  the  interphase  area,  the  heat  transfer  along  the  longitudinal  direction  is  mudi 
greater  than  that  along  the  radial  direction.  The  heat  equation  in  the  longtudinai  direction  wntt^  in 
the  Lagrangian  time  derivative  is 


The  initial  condition  and  the  boundary  conditions  are 


0r, 


where  d  is  the  theoretical  thermal  penetration  depth  in  a  disc  type  propellant.  The  t^peraturc 
distribution  inside  a  propellant  is  assumed  to  be  a  second-order  pol^momial  profile,  as  follows 

r^(/,z)-  =  Co(/)+Ci(Oz+C2(r>^  (9) 

The  coefiScients  Co,  Ci,  and  Ca  are  determined  by  the  previous  three  boundary  conditions  in 
equation(8),  and  the  temperature  profile  is  obtained,  i.e., 
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(10) 


h,  (z-z  +  Sf 

j  _7-  =_L^ - 2 - '-{T-T  ) 

^  0  k  15 

S 

After  the  procedure  of  the  integral  method  is  taken,  a  final  form  is  obtained. 


DT. 


Dt 


hfSfpT' 


A+hj6 1 


(11) 


where  iJ  as  a  function  of  time  is  given  by: 
ks^^ss-To) 


5=2- 


h,  (t-tj 


2 


To 


Figure  2.  Propellant  surface  temperature 

The  governing  equations  for  the  each  phase  can  be  simplified  further  through  an  order  of  magnitude 
analysis.  The  neglected  higher-order  terms  are:  a)  the  gas  phase  heat  conduction  term  q,  b)  the  heat 
loss  to  the  chamber  wall  in  the  extremely  short  transient  combustion,  and  c)  the  shear  stress  term 
in  momentum  equations.  And  the  source  term  by  the  igniter  at  the  gas-phase  momentum  equation  is 
assumed  as  zero  because  both  the  values  of  this  term  are  not  measured  exactly  from  the  experimental 
works  and  from  the  sensitivity  analysis,  the  effects  of  this  term  is  very  small. 


Closure  and  the  Constitutive  Laws 


The  six  balance  equations  involve  the  eleven  unknown  quantities.  Thus,  one  must  specify  a)  the 
equation  of  state;  b)  the  rate  of  propellant  burning  c)  intergranular  normal  stress  Tp,  d)  interphase 
heat  transfer  coefficient  ht,  and  e)  the  interphase  drag  force 

At  first,  the  Noble- Abel  dense  gas  law^  is  used  as  gas-phase  state  equation.  That  is, 

P(Hp^-b)  =  RT  (12) 

where  R  is  gas  constant  and  b  is  covolume. 

For  burning  rate  correlations,  the  steady-state  burning  rate^  is  used  a  simple  pressure-dependent  law: 


The  intergranular  normal  stress  Zp  is  based  on  Koo's  correlation.^  Thus, 


PP 


(1 

-P 


if 


(13) 


(14) 
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where  C  is  the  speed  of  sound  transmitted  in  the  granular  material  and  is  the  critical  porosity,  which 
means  that  there  is  no  direct  contact  between  particles. 

To  compute  interphase  heat  transfer,  only  convective  and  radiative  heat  transfers  are  considered 
because  conduction  heat  transfer  is  negligible  compared  to  the  others.  The  convective  heat  transfer 
coefiBcient  is  defined  as  follows.  For  the  packed  bed,  we  used  the  correlation  of  Denton^ 

h  =  0.58(/t,  Id) ■  Re“'^  Pr®'^  (15) 

and  for  the  fluidized  bed,  we  used  the  correlation  of  Gelperin  and  Einstein® 

(16) 

where  Re  is  Reynolds  number(  Re  =  pg^  \Ug  -  Us\/p)  and  d  is  the  radius  of  propellant  that  is 
assumed  to  be  a  sphere.  The  total  heat  transfer  coefficient,  hf  is  the  sum  of  convective  and  radiative 
heat  transfer  coefficients,  i.e., 

h,  =h,  +h,  (17) 

Viscous  drag,  force  Dy  is  induced  by  velocity  difference  between  solid  phase  and  gas  phase.  Applicable 
DyS  correlations  are  divided  by  packed  bed  and  fluidized  bed.  The  viscous  drag  force  for  the  packed 
bed  is  g^erally  larger  than  that  for  the  fluidized  bed.  But  the  difference  is  too  small/  hence  we  use 
Ergun's  equation  in  all  cases  as 

6 

We  can  neglect  the  second  term  in  the  brackets  for  very  large  Reynolds  number  and  take  a  rimpUfied 
Ergun's  equation. 

D,  =  \.15p^{Ug-U,)\Ug-U,\l6  (19) 


1.75  + 


150(1-^) 

^Re 


(18) 


Numerical  Procedure 

The  system  of  governing  equations  becomes  a  set  of  six  first  order,  coupled,  nonlinear  equations.  As 
the  balance  equations  are  hyperbolic  type,  two-step  MacCormack  explicit  scheme,  incorporated  with 
predictor-corrector  calculations,  is  used  to  solve  the  governing  equations.  MacCormack  scheme  is 
satisfactory  with  the  Courant  condition  as  follows; 

y9=|max(f/^)  +  4(A//Ar)<  1  (20) 

where  max(f/g)  is  the  maximum  velocity  of  gas  phase  and  c  is  the  speed  of  sound.  The  mesh  size  Ax  is 
uniform  as  0. 05  cm  throughout  the  interior  region  and  hi  is  determined  by  /Ax/i  max(C/g)  +  c  \  where 
y^is  0.8. 

The  boundary  conditions  for  solving  the  set  of  governing  equations  are  assumed  that  the  gas  and 
particle  velocities  at  the  both  ends  of  the  chamber  are,  at  all  times,  equal  to  those  of  moving  boundary 
and  the  symmetric  conditions  are  applied  to  the  other  variables. 

The  velocity  of  moving  boundary  can  be  determined  fi'om  the  cross  section  area  of  the  gun  and  the 
local  pressure  at  the  moving  boundary.  At  that  time,  the  fiiction  force  betwe^  the  wall  of  the  gun  and 
moving  mass  exists  but  can  not  be  measured  accuratdy  from  the  experim^tal  tests.  However,  as  the 
wall  of  the  gun  and  moving  masses  are  made  with  predsion,  the  fiiction  force  betwe^  them  may  be 
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small  as  applied  by  Chen.'*  So,  at  the  numerical  analysis,  the  friction  force  is  assumed  to  be  a  shear 
disc  which  is  fractured  at  50  atm.  Once  the  local  pressure  at  the  moving  boundary  reaches  the  50  atm, 
the  friction  force  disappears  and  this  boundary  begins  to  move  out. 

Initially,  the  both  bases  of  the  chamber  are  closed  and  the  gas  and  particle  velocities  are  zero.  The 
problem  is  specified  after  a  time,  chosen  as  /  =  0,  in  which  the  hot  primer  gas  /w/gw  for  propellant  s 
ignition  penetrates  from  x  =  —1.25  cm  to  L25  cm,  by  a  step  distribution.  The  igniter  mass  flow  rate 
begins  with  a  value  of  100  g/s  and  increases  linearly  to  a  constant  value  of  11,000  g/s  in  0.04  ms.  It 
begins  to  decrease  linearly  at  0.90  ms  and  it  is  completely  cutoff  at  0.95  ms. 

Other  input  data  used  in  the  computations  are  summarized  Table  1.  The  initial  porosity  of  the  granular 
bed  is  so  high  as  0.8674. 


Table  1 

Input  Data  for  the  Numerical  Code 


mp  -3841(g) 

<l)c  =0.6500 

a  =  0. 005240  (in/s)  (psi)"" 

Os  =0.945  X 10^  (cm^/s) 

Vo  =  0.075  (cm) 

Tign=  620(K) 

Pr  =0.7 

p  =  0.44615  X 10^  (g/cms) 
kg  =  0.265  X 10^  (cal/cm  s K) 
Po  =  1013250  (g/cms^) 

<l>^  =  0.8674 _ 


me  =  3848(g) 

kg  =  5.30  X 10^  (cal/cm  s  K) 

n  =  0.72044 

p,  =  1.5999  (g/cm^) 

Zq  =  0.0275  (cm) 
hf  =  5.42xl(f  (J/g) 

Ss  =  1.0 

b  =  0.89566  (cm^/g) 

Eig„  =  4.3  X  I(f  (J/g) 

To  =  277.91  (K) 


RESULTS  AND  DISCUSSION 

To  clarify  the  details  of  the  unsteady  behavior  in  the  one-dimensional  gun,  the  pressure  trace  with  time 
is  investigated.  Figure  3  shows  the  pressure-time  curves  by  the  experiment^  and  computations  at  the 
center  of  the  bed.  The  pressure  increases  slowly  by  the  penetrated  hot  primer  gas  untfl  the  propeUant 
is  ignited.  From  near  t  =  1.2  ms,  the  pressure  begins  to  increase  steeply  by  propellant  burning.  The 
peak  pressure  occurs  at  /  =  23  ms,  and  then  the  pressure  decreases  slowly  due  to  both  propellant 
regression  by  the  combustion  and  the  elongation  of  the  bed  by  boundary’s  movement. 

The  numerical  pressure-time  curve  agrees  closely  with  the  experimental  data,  but  the  largest 
difference  between  two  curves  occurs  at  the  region  of  peak  pressure.  Measured  and  predicted  peak 
pressures  are  994. 7  atm  and  1116.8  atm,  respectively.  Also,  it  can  be  noted  that  the  pressure  gradient 
of  the  numerical  result  is  steeper  than  that  of  the  experiment.  This  slope  of  pressure-time  curve  is 
directly  influenced  by  the  burning  rate  of  the  propellant.  Hence  the  burning  rate  coefficients  used  in 
the  computations  seem  to  be  overestimated  compared  to  the  real  condition. 

Figure  4  represents  the  mu22le  velocity  by  experiment  and  the  projectile  velocity  trace  with  times  by 
numerical  analysis.  From  the  numerical  results,  the  projectile  begins  to  move  out  dXt  =  1.1  ms  and  it  is 
quickly  accelerated  by  the  steeply  increasing  pressure,  as  shown  in  Figure  3.  Around  t  =  5.95  ms, 
moving  masses  get  out  of  the  bed.  The  experimental  and  numerical  muzzle  velocities  of  the  projectile 
are  155.5  m/s  and  155.1  m/s,  respectively  and  those  of  the  countermass  are  155.4  m/s  and  154.8  m/s. 
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respectively.  From  Figure  3-4,  it  can  be  concluded  that  the  predictions  are  closely  consistent  with  the 
experimental  results. 


Figure  3.  Pressure-time  curves  of  the  experimental  results  and  the 
predictions  at  x=0 


Figure  4.  The  predicted  projectile  velocity  profile  with  experimental 
muzzle  velocity 

Figure  5  displays  the  history  of  the  differences  in  pressure  and  porosity  between  file 
center(jc  =  0)  of  the  bed  and  the  projectile  base{x  =  x^).  The  pressure  and  porosity  differences 
between  the  center  of  the  bed  and  the  countermass  base(x  =  Xj,)  are  the  same  magmtude 
as  AP^^  and  A^c^ ,  respectively.  In  Figure  5,  the  maximum  value  of  the  AP^^  is  about  13  atm  and  after 
several  oscillations,  the  AP^^  disappear.  Also,  owing  to  the  granular  bed’s  mov^ent  resulting  fi’om  the 
pressure  ^adient,  it  can  be  seen  that  the  porosity  difference  A  has  inverse  trend  to  the  pressure 
difference  AP^j, . 

The  essential  qualitative  description  of  the  geno'ation  and  growth  of  pressure  waves  may  be 
represented  in  the  following  manner.  At  first,  the  pressure  gradient  is  driven  by  flame  spreading  of  the 
granular  bed.  This  pressure  gradient  and  drag  force  move  the  ^anular  bed  to  the  moving  boundary, 
compacting  in  against  moving  boundary.  The  pressure  waves  driven  by  the  propellant  combustion 
reach  the  moving  boundary,  stagnate,  and  are  reflected  toward  the  center  point.  The  pressure  waves 
continue  to  reflect  between  the  c^ter  of  the  bed  and  the  moving  boundaries  until  dissipated.  The 
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pressure  and  porosity  differences  of  the  present  study  have  the  similar  characteristics  with  upper 
description,  but  the  strong  pressure  wave  which  is  observed  by  other  previous  researchers  does  not 
appear  as  shown  in  Figure  5.  The  previous  work^^  explained  that  distributing  the  free  space  at  both 
ends  of  the  charge  and  igniting  the  charge  in  the  center  gave  small  pressure  wave  amplitude.  In  this 
study,  as  the  charge  is  ignited  near  the  center  of  the  bed  and  the  granular  bed  may  be  regarded  as  the 
free  space  by  high  initial  porosity(  (j}o  =  0.8674  ),  it  is  considered  that  the  large  pressure  waves  would 
not  be  appeared. 


Figure  5.  The  history  of  the  differences  in  pressure  and  porosity 
between  the  center  of  the  bed  and  the  projectile  base 


To  know  the  relation  between  the  and  propellant  charge  weight,  the  pressure  differences 
with  the  various  initial  porosity  are  plotted  in  Figure  6.  As  shown  in  Figure  6,  the  maximums  of  AP^^ 
at  ^0=^0.8000  and  0.7200  are  4J  atm  and  72  atm,  respectively.  Thus  the  maximum  of AP^^ decays 
exponentially  as  the  initial  porosity.  Also,  it  is  shown  that  the  period  of  the  pressure  wave  in  low  initial 
porosity  is  faster  than  that  in  high  one. 


Figure  6.  Pressure  difference  between  the  center  of  the  bed  and 
the  projectile  base  with  various  initial  porosities 

The  last  predictions  are  the  corresponding  porosity  distribution  histories,  which  are  shown  in  Figure  7. 
The  initial  porosity  is  presented  in  a  dashed  line.  It  is  noted  that  the  porosity  have  different  behavior 
depending  on  time.  Kit  =  0.6  ms,  the  porosity  is  the  lowest  at  the  moving  boundaries,  according  to 
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forward  motion  of  particles  by  pressure  waves.  Later,  the  porosity  is  the  lowest  at  the  coiter  of  the 
bed  by  backward  flow.  From  this  results,  it  can  be  suggested  that  the  oscillation  of  the  porosity 
profiles  is  affected  by  the  pressure  waves.  After  t  =  1.8  ms,  the  porosity  shows  almost  flat 
distributions  by  fast  burning  propellants  and  elongation  of  the  granular  bed. 


Axial  Distance,  x(cm) 

Figure  7.  Predicted  porosity  distributions  at  various  times 


CONCLUSIONS 

The  development  of  the  interior  ballistics  code  for  Davis  gun  is  carried  out  using  two-phase  fluid 
dynamic  model.  By  comparing  numerical  analysis  with  the  experimental  data,  the  numerical  pressure- 
time  trace  and  muzzle  velocities  of  the  projectile  and  the  countermass  closely  agree  with  the 
experimental  data.  The  pressure  in  the  gun  are  predicted  to  be  very  uniform  distrilmtions  unlike  other 
works.  It  is  supposed  that  this  is  owing  to  the  high  initial  porosity  and  charge  ignition  near  the  center 
of  the  gun.  The  maximum  pressure  diflfer^ce  between  the  center  of  the  bed  and  the  projectile  base 
decays  exponentially  according  to  the  initial  porosity  and  the  period  of  the  pressure  wave  in  low 
initial  porosity  is  faster  than  that  in  high  one.  The  porosity  distributions  move  to  the  inverse  direction 
with  the  pressure  distributions. 
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Comments  and  Answers 


1.  In  Eq.  4,  the  momentum  associated  with  the  igniter  gas  is  not  included.  However,  the  mass  and 
energy  provided  by  the  igniter  are  included  in  the  equation  for  conservation  of  mass  and  energy.  If  this 
momentum  term  can  be  neglected,  the  reasons  should  be  presented  by  the  authors. 

Answer.  The  source  term  by  the  igniter  at  the  gas-phase  momentum  equation  is  generally  included  as 
-^niigJJign.  But  in  the  experimental  works,  values  of  the  momentum  source  term  by  the  igniter  gas  are 
not  measured  accurately.  Also,  although  the  gas  velocity  of  the  penetrated  hot  igniter  gas  have  been 
used  as  Uign=0.0m/s  and  Uig„=I00.0m/s,  the  results  of  both  cases  are  almost  the  same.  For  example, 
the  maximum  pressures  at  these  conditions  are  1 1 16  atm  and  1118  atm,  respectively.  So,  in  this  study, 
it  is  assumed  that  this  term  is  zero. 

2.  The  way  in  which  the  frictional  force  between  the  projectile  and  the  barrel  is  handled  seems  to  be 
quite  arbitrary.  A  better  explanation  of  why  50  atm  was  chosen  as  the  fi-acture  point  would  be  helpful. 
In  addition,  the  kinetic  fictional  force  was  ignored  altogether,  without  proper  justification. 

Answer.  The  fiction  force  between  the  wall  and  moving  mass  can  not  be  obtained  accurately  fi-om  the 
experimental  works.  However,  the  wall  of  the  gun  and  the  moving  mass  are  made  with  precision,  the 
fiiction  force  between  them  may  be  very  small  as  applied  by  Chen*.  Also,  according  to  the  numerical 
analysis  using  the  present  code,  the  results  with  respect  to  fiiction  force,  have  a  similar  trend  and  only 
slight  increase  of  the  maximum  pressure  and  muzzle  velocity.  For  example,  in  case  of  the  friction 
pressure  at  50  atm  and  100  atm,  the  maximum  pressures  are  11 16  atm  and  1152  atm. 

And  the  kinetic  fiiction  force  are  neglected  by  order  of  magnitude  analysis  like  Kuo**. 

*  :  D.  Y.  Chen,  V.  Yang,  and  K.  K.  Kuo,  "Boundary  condition  specification  for  mobile  granular 
propellant  bed  combustion  processes",  AIAA  Journal,  19,  1429-1437,  1981 
** :  K.  K.  Kuo,  eds..  Principles  of  combustion,  John  Wiley  &  Sons,  Inc.,  1986 

3.  Equation  6  may  be  incorrect  and  should  be  checked. 

Answer.  A^Psrt  {bf  -  0.5C/^^  )  ->  A^Psrt  (/?/  +  0.5C/ ) 
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ABSTRACT:  The  classical,  linearized  quasi-steady  (QS)  theory  of  unsteady  combustion  of 
homogeneous  energetic  solids  is  examined  for  three  materials:  nitrate  ester  (NC/NG)  double  base 
propellants,  ammonium  perchlorate  (AP)  and  cyclo-trimethylene-trinitramine  (RDX).  Single  step, 
zero  order,  high  activation  energy  decomposition  is  shown  to  be  a  superior  condensed  phase  model 
compared  with  the  usual  ad  hoc  Arrhenius  surface  pyrolysis  model.  Favorable  comparison  with  T- 
bumer  and  laser-recoil  response  function  data  provides  evidence  of  compatibility  of  the  zero  order 
QS  decomposition  model  for  NC/NG  and  AP  at  1  atm  and  higher  pressures  and  for  frequencies 
approaching  the  characteristic  frequency  of  the  condensed  phase  reaction  layer.  RDX  appears  not  to 
satisfy  the  QS  assumptions  at  1  atm  but  may  at  higher  pressures. 


INTRODUCTION 

The  premise  of  this  paper  and  our  recent  research  is  that  in  trying  to  understand  combustion  of 
energetic  materials,  unsteady  combustion  represents  a  significant  opportunity  that  is  not  being 
sufficiently  exploited.  Unsteady  combustion  is  not  important  simply  because  important  unsteady 
phenomena  (such  as  instability)  occur  in  real  systems  but  also  because  transient  burning  offers  the 
more  difficult  challenge  for  modeling.  Any  combustion  model  should  be  compared  with  the  full 
range  of  observable  data.  The  fact  that  the  full  range  of  even  steady  observations  cannot  yet  be 
predicted  for  any  material  by  any  model  should  not  be  considered  a  valid  reason  for  postponing 
unsteady  comparisons  but  should  be  taken  as  an  indication  of  insufficient  understanding  of  the 
processes  and/or  flaws  in  the  present  models.  Unsteady  combustion  offers  a  significant  opportunity 
for  making  more  rapid  progress  in  understanding  the  necessary  fundamental  processes  and  achieving 
a  predictive  modeling  capability. 


Classical  Theory  of  Unsteady  Combustion 

The  classical  linearized  theory  of  oscillatory  combustion  of  homogeneous  propellants  and  energetic 
materials  is  based  on  the  assumption  of  quasi-steady  (QS)  reaction  zones  in  both  the  gas  and 
condensed  phases.  In  the  U.S.  and  Europe  this  theory  (also  called  QSHOD  for  quasi-steady, 
homogeneous,  one-dimensional)  was  developed  in  the  context  of  the  flame  modeling  (FM)  approach 
whereas  in  the  former  Soviet  Union  the  phenomenological  Zeldovich-Novozhilov  (ZN)  approach 
was  used.  The  two  approaches  are  essentially  equivalent.  In  both  cases  the  tacit  assumption  is  that 
condensed  phase  reaction  is  a  quasi-steady  surface  phenomenon.  Interpreted  in  the  framework  of  the 
FM  approach,  this  assumption  implies  that  the  effective  non-dimensional  activation  energy  of  initial 
decomposition  is  large  (which  is  generally  true  for  real  energetic  materials).  This  suggests  that  the 
results  of  activation  energy  asymptotics  ( AEA)  theory  should  hold  for  the  decomposition  process,  at 
least  over  an  appropriate  (low)  frequency  range.  While  rigorous  results  for  AEA-decomposition 
have  been  available  for  many  years  [1-3]  they  apparently  have  not  been  applied  to  unsteady 
combustion  of  solids  until  recently  [4].  Instead,  an  ad  hoc  Arrhenius  surface  pyrolysis  relation, 
rb=Asp'^sexp(-Es/RTs),  has  been  almost  universally  assumed  in  FM  studies,  usually  with  ns-0. 
However,  recent  results  for  nitrate  ester  (double  base)  propellants  [4,  5]  have  shown  that  a  simple  but 
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formally  derived  AEA  formula  based  on  single-step,  zero  order  decomposition  is  clearly  superior  to 
the  Arrhenius  surface  pyrolysis  formula  for  describing  oscillatory  burning. 

In  this  paper  a  summary  of  results  is  given  for  several  energetic  materials  which  have  been 
investigated  for  compatibility  with  the  QS  zero  order  decomposition  AEA  description.  These 
materials  include  uncatalyzed  and  catalyzed  double  base  propellant,  ammonium  perchlorate  (AP), 
and  cyclo-trimethylene-trinitramine  (RDX). 


EQUATIONS 

The  classical  QS  model  is  based  on  the  phenomenological  approach  developed  by  Soviet 
researchers,  especially  Novozhilov  [6],  and  originated  by  Zeldovich  in  1942.  It  assumes  quasi¬ 
steady  gas  and  condensed  phase  reaction  zones,  homogeneous  solid,  and  a  one-dimensional  flame 
{le,,  one-dimensional  heat  feedback).  Thermal  relaxation  in  the  inert  condensed  phase,  with  time 
scale  tc,  is  the  only  non-quasi-steady  process.  The  condensed  phase  reaction  layer  and  the  gas  phase 
region  (if  included)  are  considered  to  respond  instantly  to  changing  external  conditions.  This 
formulation  implicitly  assumes  that  condensed  phase  reactions  are  confined  to  the  interface  between 
the  unreacted  condensed  phase  and  the  gas  phase  (i.e.,  surface  reaction).  This  assumption  is  justified 
only  if  two  important  conditions  are  met.  First,  the  effective  activation  energy  or  the  condensed 
phase  decomposition  must  be  large  enough  that  a  relatively  thick  inert  convective-diffusive^one 
develops,  followed  by  Mhin  reactive-diffusive  zone  (Ec/RT»1;  Xc=otc/r^,  »  xr=Xc/(Ec/2RTJ). 
Typical  values  of  Ec/2RTj  for  energetic  materials  are  5  to  15.  For  steady  burning,  even  the  sitialjest 
realistic  values  (-5)  are  large  enough  that  AEA  formulas  (leading  term  only)  are  accurate  to  within  a 
few  percent.  This  does  not  guarantee  similar  accuracy  for  oscillatory  burning,  however,  which 
depends  on  the  frequency  of  the  imposed  perturbation.  Therefore,  the  second  necessary  coiidition  is 
that  the  frequency  of  the  perturbation  be  less  than  the  charact^istic  frequency  of  the  reaction  layer 
(f«fR)— how  much  less  depends  on  the  magnitude  of  Ec/2RTj.  and  is  something  which  has  been 
only  recently  addressed  [7J.  Nevertheless  it  is  to  be  expected  that  at  some  sufficiently  large 
frequency  the  QS  model  will  fail  by  virtue  of  non-QS  (i.e.,  distributed)  reaction  effects  in  the 
condensed  phase,  if  not  by  some  other  mechanism. 

Under  these  assumptions  the  unsteady  energy  equation  in  the  condensed  phase  is 

3T  3T  -  3^T  r  7^  /Tx  \  /i\ 

PcC^-  +  PcCrt  ^  f rqKa  exp(KaX)  (1) 

dt  dx  dx 

The  initial  temperature  condition  is 


T(— ,t)=:T,  (2) 

The  energy  equation  includes  Fourier  conduction  and  Beer’s  law  for  radiative  transport  of  a 
collimated  incident  radiative  flux.  The  incident  radiative  flux  can  represent  either  "artificial" 
radiation  (e.g.,  laser  radiation  in  a  laboratory  test)  or  natural  thermal  radiation  from  combustion 
products.  The  absorption  coefficient  in  the  condensed  phase,  Ka,  is  assumed  to  be  spatially  constant. 
No  description  of  spectral  variation  of  Ka  is  made;  therefore  in  the  case  of  broadband  thermal 
radiation  Ka  must  be  viewed  as  some  appropriate  effective  value.  Thermal  emission  by  the 
condensed  phase  and  scattering  are  neglected.  It  is  assumed  that  a  fraction  of  the  radiant  flux  fr  is 
transmitted  through  the  reactive-diffusive  zone  (i.e.,  absorbed  below  the  reactive-diffusive  zone) 
while  the  remainder  1-fr  is  absorbed  in  the  reactive-diffusive  zone  (this  assumption  has  been  justified 
in  [8]).  (It  is  not  inconsistent  to  allow  for  radiation  absorption  in  a  vanishingly  thin  surface  region 
just  like  it  is  not  inconsistent  to  allow  for  chemical  heat  release  in  such  a  region.  It  follows  from  the 
asymptotic  approximation.)  The  reaction  layer  transmissivity  fr  is  given  by  Beer’s  law  based  on  an 
average  path  length  equal  to  the  approximate  reaction  layer  thickness. 


fr=exp(-KaXR) 


(3) 


Using  the  steady  state  integral  energy  equation 


and  linearizing  Eq.  1  (Arb«r5),  the  linear  frequency  response  functions  for  pressure-perturbed 
burning  (constant  radiant  flux)  and  radiation -perturbed  burning  (constant  pressure)  can  be  obtained 
[9]  as 


Rr 


v  +  5(X-l) 


nAB-i-ns(X-l) 


Xr  +  k/X-(r  +  k)  +  l-^|iJ|-^  X  +  A/X-(1  +  A)  +  AB-^5l^ 


(5) 


VqAB  +  nq(A,-l)- 


AQr^-l) 


(6) 


Equations  5  and  6  assume  fr  (the  surface  reaction  layer  transmissivity)  is  a  constant  parameter.  The 
steady  state  sensitivity  parameters,  k,  r,  v,  6,  Vq,  and  5q  (A=k/r,  B=l/k,  n=v,  ns=o/r,  nq=6q/r)  are 
obtained  from  steady  state  burning  information  While  in  principle  all  the  sensitivity  parameters 
could  be  obtained  from  measurements,  in  practice  this  has  proven  to  be  unfeasible.  The  parameters 
which  require  highly  precise  surface  temperature  measurement  (r,  6,  and  ^)  are  better  represented 
by  a  reasonably  accurate  condensed  phase  decomposition  model.  Singie-step,  zero  order 
decomposition  appears  to  be  adequate  for  this  purpose. 


Zero  Order  Condensed  Phase  Decomposition 

Activation  energy  asymptotic  analysis  of  the  condensed  phase  reactive-diffusive  zone,  assuming 
single-step,  zero  order  decomposition,  gives  the  following  steady  state  result  [2]. 


A^a^  exp 


RT, 


s  y 


Acttc  exp(-2Ej,) 


Ec 

Ts 

Qc 

frq 

H 

2CT3 

2E,(l-To/T3)(l-Qe/2-Q,) 


(7) 


The  accuracy  of  this  result  has  been  verified  elsewhere  [7]  by  numerical  analysis  to  be  within  a  few 
percent  when  Ec/2RTs  >  5.  Assuming  fr  is  a  constant  parameter,  Eq.  7  can  be  differentiated  to  give 
the  following  sensitivity  parameter  relations. 

k[2-Qc-Qrl-l 

r=  - J - -  (8) 

l-yi  +  E,)(2-Q,-2Q,)-l 


6  = 


-V 


l-^j(l  +  Ec)(2-Qc-2Q,) 


;  5q  = 


-Vn+kQr 


(l  +  Ec)(2-Qc-2Q,)-l 


(9,10) 


In  these  equations  k,  v,  and  Vq  need  to  be  specified  in  order  to  determine  r,  5,  and  6q.  This  requires 
either  measured  steady  state  burning  rate  data  or  a  gas  phase  model.  An  accurate  model  for  the  gas 
phase,  one  which  matches  all  available  experimental  observations  and  is  therefore  comparable  to  the 
zero  order  model  for  the  condensed  phase,  has  not  been  demonstrated  for  any  energetic  material  yet. 
Therefore,  until  a  reliable  gas  phase  model  is  demonstrated  it  seems  more  productive  to  rely  on 
measured  or  assumed  values  for  k,  v,  and  Vq.  In  the  results  presented  below  measured  values  for  v 
and  Vq  and  reasonable  assumed  values  for  k  are  used. 
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RESULTS 


Double  Base  Propellant 

For  double  base  propellant,  measurements  of  both  Rp  and  Rq  are  available.  T-burner  measurements 
of  RefRp}  for  uncatalyzed  propellant  N4  [10]  and  model  comparisons  are  shown  in  Fig.  1. 
Measured  steady  state  burning  rate  data  were  used  for  k,  v,  and  Vq  where  such  data  were  available; 
otherwise  values  were  assumed.  Most  of  the  model  parameters  were  taken  from  [10]  (see  Table  1). 
The  steady  state  surface  temperature  was  estimated  from  Eq.  7  using  reported  burning  rates  with 
constant  Aq.  The  heat  of  reaction  Qc  was  assumed  based  on  the  values  given  by  Zenin  [11]  for 
similar  propellant.  The  Gp  value  for  N4  (2.8e-3  K'^)  was  obtained  by  correcting  the  value  given  by 
Ibiricu  and  Williams  [2]  (3.5e-3  K'^)  to  account  for  combustion  gas  thermal  radiation  in  the  T- 
bumer.  It  can  be  seen  in  Fig.  1  that  over  the  frequency  range  plotted  for  each  pressure  the  zero  order 


500  1000  5000 


Frequency  (Hz) 

Figure  1.  In-phase  (real)  part  of  linear  frequency  reponse  (pressure-driven)  for  N4  double  base 
propellant;  data  points  are  T-burner  results  [10];  quasi-steady  (QS)  predictions  based  on  parameters 

in  Table  1  [4]. 


Pc,  g/cm5 

C,  cal/g-K 
ttc,  cmVs 
Ec,  kcal/mole 
Ac,  s'l 
Ka,  cm-J 
Qc,  cai/g 
q,  cal/cm^-s 
T„K 
f  b ,  cm/s 
ap,K-l 
q, /m,cal/g 

or  Vq 


or5q 


ns_Quiq. 


TABLE  1 

Propellant  Properties  rTr>=300  K) 


N4 _  m  AP 


15  atm 

55  atm 

1 10  atm 

I  atm 

1  atm 

1.55 

1.55 

1.55 

1.55 

1.95 

0.35 

0.35 

0.35 

0.35 

0.40 

1.2e-3 

1.2e-3 

1.2e-3 

1.2e-3 

5.7e-4 

40 

40 

40 

40 

29.1 

lel7 

lel7 

lel7 

lel7 

3e9 

50 

50 

50 

500 

370 

95 

100 

75 

40 

-39 

6.5 

12 

13 

10 

37 

630 

659 

676 

609 

800 

0.43 

0.86 

1.21 

0.23 

0.084 

2.8e-3 

2.8e-3 

2.8e-3 

3.6e-3 

1.8e-3 

11 

17 

50 

41 

12 

0.51 

0.51 

0.51 

0.43 

0.71 

0.93 

1.00 

1.05 

1.1 

0.90 

0.0021 

0.016 

0.042 

0.057 

0.10 

-0.064 

-0.061 

-0.048 

-0.020 

0.030 

440 

62 

25 

19 

9.0 

1.1 

1.0 

0.95 

0.91 

1.1 

-30 

-3.8 

-l.I 

-0.35 

0.30 
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QS  model  gives  a  close  match  to  the  experimental  data  except  at  the  lowest  non-zero  frequency  data 
points.  As  discussed  in  [10],  at  low  frequencies  heat  losses  and  other  effects  result  in  erroneously 
high  experimental  values.  The  experimental  data  reported  were  not  corrected  for  these  effects. 
Therefore  this  disagreement  is  not  unexpected.  If  the  comparisons  were  carried  to  higher 
frequencies  than  those  shown  in  Fig.  1  it  would  be  seen  that  agreement  would  become  steadily  worse 
with  increasing  frequency.  This  also  is  not  unexpected,  since  the  quasi-steady  assumptions  (both  gas 
and  condensed  phase)  will  begin  to  fail  with  increasing  frequency.  The  characteristic  frequency  of 
the  condensed  phase  reaction  layer,  as  estimated  from  the  scaling  tR=XR/r^,  is  2460,  9430,  and 
18,180  Hz  for  1.5,  5.5,  and  1 1  MPa,  respectively.  Significant  deviation  from  the  QS  theory  would 
not  be  expected  until  the  frequency  reached  some  fraction,  say  1/4,  of  these  values,  600,  2500,  and 
4500  Hz  for  1.5,  5.5,  and  1 1  MPa.  Figure  1  shows  that  this  is  indeed  the  case,  at  least  with  regard  to 
the  in-phase  component  of  the  response  (subsequent  results  show  that  the  response  phase  may  give  a 
clearer  indication  of  the  onset  of  non-QS  effects). 


Figure  2.  Magnitude  of  linear  frequency  reponse  (radiation-driven)  for  N5  double  base  propellant  at 
1  atm;  data  points  are  laser-recoil  results  [12];  quasi-steady  (QS)  prediction  based  on  parameters  in 

Table  1  [5]. 


Figure  3.  Phase  of  linear  frequency  reponse  (radiation-driven)  for  N5  double  base  propellant  at  1 
atm;  data  points  are  laser-recoil  results  [12];  quasi-steady  (QS)  prediction  based  on  parameters  in 

Table  1  [5]. 


CO2  laser-recoil  measurements  of  Rq  for  catalyzed  N5  propellant  [12]  are  compared  with  model 
predictions  in  Figs.  2  (magnitude)  and  3  (phase).  Most  of  the  model  parameters  were  taken  from 
[10-12];  sec  Table  1.  The  temperature  sensitivity  was  assumed  to  be  ap=3.6e-3  K‘T  The  absorption 
coefficient  (500  cm'^)  was  obtained  from  FTIR  absorption  spectroscopy  measurements  at  10.6  pm 
(CO2  laser).  Other  condensed  phase  thermophysical  and  kinetic  parameters  are  the  same  as  for  N4 
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since,  except  for  the  catalyst,  both  propellants  are  the  same.  (The  catalyst  is  presumed  to  affect  the 
primary  (' nzz  zone")  gas  flame.)  One  source  of  discrepancy  is  the  uncertainty  of  a  few  key  steady 
state  parameters  which  need  to  be  better  characterized,  such  as  Qc  and  Qp.  In  this  regard  it  is 
important  for  Op  to  be  measured  at  the  same  radiant  flux  condition  since  it  decreases  with  increasing 
radiant  flux  (particularly  at  low  fluxes)  for  many  energetic  materials.  Nevertheless,  even  for  these 
approximate  (yet  realistic)  parameters  the  agreement  in  Figs.  2  and  3  is  good.  For  frequencies 
approaching  the  characteristic  condensed  phase  reaction  layer  frequency  (fR~730  Hz),  the  cieviation 
in  the  QS  predictions,  particularly  phase,  increases  due  to  non-QS  effects,  as  expected.  To  improve 
the  model  agreement  in  the  higher  frequency  range  the  QS  assumption  could  be  relaxed  in  the 
condensed  phase  (this  has  been  demonstrated  in  [7]).  It  should  be  noted  that  the  measured  thrust 
response  magnitude  data  were  scaled  by  a  constant  to  give  the  best  fit  in  Fig.  2.  This  scaling  is  made 
necessary  by  uncertainty  in  the  momentum  balance  which  relates  burning  rate  to  recoil  force  (thrust). 
We  have  found  that  by  assuming  one-dimensional  flow  and  reasonable  estimates  for  gas  temperature 
and  molecular  weight  (i.e.,  density)  it  is  possible  to  convert  oscillatory  thrust  magnitude  to  burning 
rate  magnitude  to  within  a  factor  of  two  (this  is  verified  by  independent  measurernent  of  Vq). 
Because  of  this  uncertainty,  thrust  response  magnitude  data  are  scaled.  No  correction  is  necessary 
for  the  phase  data;  it  is  assumed  in  Fig,  3  that  the  thrust  is  in  phase  with  the  burning  rate. 

Aside  from  frequency  regions  of  expected  disagreement,  the  QS  zero  order  decomposition  model 
gives  good  agreement  with  the  measured  double  base  response  data— much  better  than  can  be 
obtained  from  the  Arrhenius  surface  reaction  model.  It  should  be  emphasized  that  all  parameters 
used  here  are  reasonable  measured  or  assumed  values.  It  should  also  be  noted  that  the  Jacobian 
parameters  (ns  or  nq)  are  both  negative  for  N4  and  N5,  respectively.  The  goodness  of  the  fit  and  the 
realistic  values  of  all  the  parameters  present  a  favorable  argument  for  the  validity  of  the  zero  order 
model  and  the  QS  assumptions  (both  gas  and  condensed  phases)  for  double  base  propellants  in  the 
frequency  range  from  dc  through  fR/4  (or  some  fraction  of  the  characteristic  gas  phase  frequency  if  it 
is  smaller  than  fa). 


Ammonium  Perchlorate 

CO2  laser-recoil  data  for  Rq  [13]  and  model  comparisons  are  shown  in  Figs.  4  (magnitude)  and  5 
(phase)  for  AP.  Model  parameters  are  listed  in  Table  1.  Surface  temperature  was  measured  by 
microthermocouples  embedded  in  pressed  pellets  [13].  Specific  heat  and  thermal  diffusivity  were 
extrapolated  from  data  [14]  for  the  cubic  phase.  The  absorption  coefficient  (370  cm*^)  is  estimated 
from  a  room  temperature  measurement  (240  cm'^)  using  KBr-FTIR  spectroscopy  [15].  The  CO2 
laser  lines  (10.6  fxm)  fall  near  the  perchlorate  ion  "breathing"  frequency,  where  the  absorption 
coefficient  varies  rapidly  with  wavelength.  This  absorption  structure  probably  shifts  with 
temperature.  Therefore  the  uncertainty  in  Ka  for  a  hot,  burning  AP  surface  is  probably  rather  large 
(at  least  50%). 


Frequency  (hz) 

Figure  4.  Magnitude  of  linear  response  function  for  AP  with  mean  radiant  flux  of  155  W/cm^,  1 
atm;  data  points  are  laser-recoil  measurements  [13];  quasi-steady  (QS)  prediction  based  on 

parameters  in  Table  1. 
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Figure  5.  Phase  of  linear  response  function  for  AP  with  mean  radiant  flux  of  155  W/cm^,  1  atm;  data 
points  are  laser-recoil  measurements  [13];  quasi-steady  (QS)  prediction  based  on  parameters  in  Table 

1. 

Figure  4  shows  that  the  scaled  magnitude  data  match  well  except  at  the  5-6  Hz  frequency  points. 
(Again  the  measured  thrust  magnitude  data  were  scaled  for  best  fit  in  Fig.  4;  this  required  a  factor  of 
two  multiplier  in  addition  to  the  one-dimensional  momentum  conversion.)  Figure  5  shows  that  the 
phase  matches  well  up  to  100  Hz.  (The  value  of  Ec=29  kcai/mole  gives  fR=l  10  Hz.)  Above  100 
Hz,  the  deviation  in  phase  is  presumably  due  to  non-QS  effects.  At  low  frequencies  (a  few  Hz), 
laser- recoil  measurements  are  subject  to  systematic  error  for  two  reasons.  First,  there  is  a  transducer 
time  constant  limitation  at  low  frequencies  due  to  charge  loss  on  the  piezo-electric  crystal.  Second, 
there  is  an  unsteady  mass  loss  effect  in  the  momentum  balance  that  introduces  a  frequency- 
dependent  term  (including  phase  lag)  between  the  momentum  flux  and  recoil  force  [16].  This  effect 
has  not  been  well  characterized  yet,  but  it  appears  to  be  more  important  with  low  mean  mass  flux 
and  is  thus  probably  more  evident  in  the  low  frequency  AP  data  than  in  the  low  frequency  N5  data. 

Therefore  the  low  frequency  AP  data  (except,  of  course,  the  dc  sensitivity  measurement  Vq)  are 
discounted  somewhat  relative  to  the  higher  frequency  data.  The  zero  order  QS  model  fit  results  in 
global  parameters  that  seem  realistic,  an  activation  energy  of  Ec=29  kcal/mole  and  overall 
endothermic  condensed  phase  chemistry  (Qc=-39  cal/g).  The  detailed  chemical  steps  which  these 
global  parameters  represent  are  at  present  unknown;  however,  the  Ec=29  value  seems  compatible 
with  both  a  proton  transfer  initiation  process  from  NH4+  to  C104‘  giving  NH3  and  HCIO4  [18]  and 
the  subsequent  homolytic  bond  scission  of  HCIO4  to  give  CIO3  and  OH  [19].  Further  investigation 
is  needed  to  determine  the  decomposition  process  of  AP,  particularly  the  condensed  phase  chemistry. 
Nevertheless,  it  appears  that  the  zero  order  QS  model  is  a  reasonable  representation  of  AP 
decomposition,  at  least  at  1  atm  (and  probably  at  higher  pressures). 
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Figure  6.  Magnitude  of  linear  response  function  (laser-recoil  [13,  17])  for  RDX  with  mean  absorbed 

CO2  laser  flux  of  48  W/cm^,  1  atm. 
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RDX 


Laser-recoil  measurements  for  RDX  at  1  atm  [13,  17]  are  shown  in  Figs.  6  and  7.  These  data  do  not 
fit  the  zero  order  QS  model  as  do  double  base  propellants  and  AP.  This  is  probably  due  to  the 
violation  of  one  or  more  of  the  QS  model  assumptions.  Temperature  measurements  from 
micro  thermocouples  embedded  in  RDX  pellets  indicated  a  region  near  the  sample  surface  in  which 
there  were  significant  temporal  temperature  fluctuations  but  which  was  spatially  isothermal  on  a 
time-averaged  basis.  This  region  corresponded  to  a  relatively  thick  (lOO's  of  |im)  liquid  layer  that 
was  observed  on  the  burning  surface.  (In  the  laser-recoil  and  other  tests  this  liquid  layer  was 
confined  to  maintain  one-dimensionality.)  The  temporal  temperature  fluctuations  were  probably  due 
to  bubbling  action  and  the  time-averaged,  spatially  isothermal  condition  was  probably  due  to  two- 
phase,  bubble-induced  convective  recirculation.  These  conditions  violate  the  simple  QS  model 
assumption  of  a  single  phase,  convective-diffusive  energy  balance  in  the  condensed  phase, 
suggesting  that  any  fit  by  the  QS  model  might  be  of  questionable  meaning,  at  least  at  1  atm.  At 
higher  pressures,  the  liquid  layer  thickness  decreases  and  it  may  be  that  the  QS  model  becomes 
applicable. 
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Figure  7.  Phase  of  linear  response  function  (laser-recoil  [13,  17])  for  RDX  with  mean  laser  flux  of 

48  W/cm^,  1  atm. 

In  spite  of  the  lack  of  applicability  of  the  QS  model  to  RDX  combustion  at  1  atm,  the  response  data 
of  Figs.  6  and  7  represent  additional  unsteady  combustion  data  which  should  prove  useful  for  model 
validation.  The  increase  in  magnitude  of  Rg  beyond  100  Hz  (Fig.  6)  has  been  verified  to  be  a  real 
effect  (i.e.,  it  is  not  transducer  resonance),  ft  was  also  observed  that  without  confinement  the  RDX 
liquid  layer  would  run  off  the  sample  surface.  To  model  such  a  process  would  presumably  require  a 
multi-dimensional  advective  transport  mechanism.  The  data  of  Figs.  6  and  7  were  obtained  with  the 
liquid  layer  confined,  such  that,  although  the  quasi-one-dimensional  bubbling,  recirculative 
mechanism  may  not  be  a  trivial  modeling  exercise,  at  least  the  multi-dimensional,  advective  mass 
and  energy  loss  mechanism  would  not  be  a  factor. 


n  Single  frequency  sine  wave 
o  Logarithmic  sine  sweep  ° 


CONCLUSIONS 

The  classical,  linearized  quasi-steady  (QS)  theory  of  unsteady  combustion  of  homogeneous  energetic 
solids  has  been  examined  for  three  energetic  materials,  NC/NG,  AP,  and  RDX.  The  important 
conclusions  are  as  follows. 

1.  The  use  of  rigorous  AEA  decomposition  formulas  (such  as  zero  order  decomposition)  in  classical 
QS  theory  appears  to  be  not  only  justified  for  many  energetic  materials  but  the  key  to  achieving  a 
useful  predictive  capability.  It  is  hard  to  defend  continued  use  of  the  old,  ad  hoc  Arrhenius 
surface  pyrolysis  relation  except  for  steady  state  curve-fitting  (i.e.,  Arrhenius  plots)  only. 

2.  At  1  atm  and  higher  pressures  double  base  propellant  and  AP  appear  to  be  compatible  with  the 
usual  QS  assumptions  and  single-step,  zero  order  decomposition. 
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3.  At  1  atm  RDX  has  a  bubbly,  recirculative  liquid  layer  which,  unless  confined,  flows  off  the 
surface.  These  effects  probably  render  the  QS  model  invalid  for  RDX  at  1  atm.  At  higher 
pressures  it  is  likely  that  these  effects  become  less  important. 

4.  The  frequency  domain  of  applicability  of  the  QS  model  is  limited  by  the  characteristic  frequency 
of  the  surface  reaction  layer,  fR  (or  that  of  the  gas  phase,  whichever  is  smaller).  Scaling  estimates 
indicate  that  for  NC/NG  and  AP  the  QS  theory  is  valid  up  to  fR/4  with  non-QS  effects  becoming 
clearly  noticeable  at  fR. 

5.  Even  within  the  frequency  domain  of  applicability  of  QS  theory  (f<fR/4),  the  accuracy  of  the 
theory  depends  on  the  magnitude  of  the  non-dimensional  activation  energy  of  decomposition. 
Furthermore,  the  activation  energy  criterion  (or  alternatively  the  need  to  include  higher  order 
terms)  for  a  given  level  of  accuracy  appears  to  be  more  stringent  for  oscillatory  than  for  steady 
burning. 

6.  Preliminary  computational  studies  indicate  that  the  initial  deviation  (error)  in  response  phase  for 
QS  theory,  which  becomes  noticeable  as  frequency  approaches  fR,  can  be  accounted  for  by 
resolving  the  distributed  reaction  zone  in  the  condensed  phase.  Gas  phase  unsteadiness  (at  least 
for  homogeneous  materials)  is  possibly  a  secondary  consideration. 
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qc 
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Qc 

Qc 
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NOMENCLATURE 

pre-exponential  factor  of  single-step,  zero  order  decomposition  reaction 
(VTo)Olnf,/aTJp,q(=k/r) 
l/[(T,-To)Olnf,/aTo)p_q](=l/k) 
specific  heat  of  condensed  phase 

effective  activation  energy  of  condensed  phase  decomposition 

Ec/2 

Ec/2RT,, 
frequency  (Hz) 
l/tc,R 

fraction  of  q  absorbed  below  surface  reaction  zone,  Eq.  3 
surface  temperature  gradient  on  condensed  phase  side,  idT/dx)^. 
dimensionless  mean  radiant  heat  flux,  q/[mC(Tj-To)] 
absorption  coefficient  of  condensed  phase 
(T,-To)01nf,/aTo)p,q 
mass  burning  rate,  perj, 

(91nfyainq)q.  (=Sq/r) 

01nr^/31np).p  q  (=5/r) 

(ainf^/ain  (=v) 
pressure 

absorbed  radiant  heat  flux  in  condensed  phase 
conductive  heat  flux  to  surface  from  gas  phase 
Aqe’“‘ 

condensed  phase  heat  release  (positive  exothermic) 

Q,/C(T,-T,) 

frJ 

quasi-steady  gas  and  condensed  phase  reaction  zone  assumption 
universal  gas  constant,  1.987  cal/mole-K 

pressure-driven  frequency  response  function  =  (m7m)/(p7p)  at  constant  q 
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Rq  =  rac^ation-driven  linear  frequency  response  function  =  (m'/m  )/(q7  q )  at  constant  p 

r  =  0T,/aTo)pq 

=  burning  rate 

tc,R  =  characteristic  times,  Xc,R/f^ 

To,s  =  initial  or  surface  temperature 

X  =  coordinate  normal  to  surface,  positive  into  gas  phase 

Xc  =  conduction  zone  length  scale,  ac/r^ 

Xr  =  reaction  zone  length  scale,  Xc/E^ 

OCc  =  condensed  phase  thermal  diffusivity 

P  =  optical  thickness  (absorption  only)  of  conduction  zone  (KgXc) 

8,  8q  =  Jacobian  parameters,  vr  -  jik,  Vqr  -  jiqk 

A  =  amplitude  of  fluctuating  quantity 

X  =  l/2  +  (l/2)(l +4iQ)1^2 

=  thermal  conductivity 

\i  =  [l/(T,-To)](avainp)T  . 

fiq  =  [l/(T3-TJ](avainq)x^’; 

V  =  (ainrjj/ain  p)j  (same  as  n) 

Vq  =  (ainrt,/ainq)j°’p 

Pc  =  condensed  phase  density 

ap  =  01nrb/aTJp,q  (=k/(T3-To)) 

Q  =  ■  dimensionless  frequency:  2jrfac/rj,2 

SUBSCRIPTS  AND  SUPERSCRIPTS 

c  =  condensed  phase,  convective-diffusive,  or  conduction 

r  =  radiation 

R  =  reaction  zone  in  condensed  phase 

s  =  surface 

=  overbar  denotes  the  steady  condition  or  mean  value 

=  nondimensional  quantity 

=  complex  fluctuating  quantity 
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IMPROVEMENTS  TO  MODELING  OF  HOT  FRAGMENT  CONDUCTIVE 
IGNITION  OF  NITRAMINE-BASED  PROPELLANTS* 


E.  S.  Kim,  S.  T.  Thynell,  and  K.  K.  Kuo 

Department  of  Mechanical  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


ABSTRACT:  Hot  fragments  generated  during  the  impact  of  shaped  charge  jets  may  penetrate  the 
cartridge  casing  and  induce  propellant  ignition.  To  simulate  hot  fragment  conductive  ignition,  a 
comprehensive  model  has  been  formulated  and  validated  by  conducting  detailed  experiments.  The 
model  has  been  based  on  an  assumed  decomposition  behavior  of  the  various  binder  ingredients 
contained  in  the  nitramine-composite  propellant.  The  objective  of  this  work  is  to  describe  the  effects 
of  incorporating  an  improved  knowledge  about  the  thermal  decomposition  behavior  of  these  binder 
ingredients  into  the  existing  model.  Rapid  thermolysis  experiments  have  revealed  that  essentially  no 
decomposition  occurs  of  the  major  ingredients  CAB  and  ATEC  over  the  range  of  temperatures  from 
450  to  600  K.  The  use  of  these  findings  has  enabled  an  improved  predictive  capability  of  the 
propellant’s  rate  of  gasification,  as  well  as  the  of  the  location  of  the  Go/No-Go  ignition  boundary  for 
both  partially  and  fully  confined  enclosures.  It  should  also  be  noted  that  the  use  of  different 
reactions  among  CHjO  and  NO2  for  describing  the  ignition  event  has  shown  only  a  limited  impact  on 
the  location  of  Go/No-Go  ignition  boundary. 


INTRODUCTION 

Accidental  ignition  of  solid-propellant  charges  in  confined  environments  is  of  great  concern  for 
reducing  thermal  sensitivity  of  certain  weapon  systems.  Such  an  ignition  may  be  caused  by  either 
electrostatic  discharges,  or  heat  generation  due  to  fiiction.  In  combat  situations,  hot  spall  fragments 
from  a  shape  charge  jet  impact  may  induce  ignition  of  the  propellant  bed.  In  these  situations, 
confinement  has  a  strong  effect  on  the  ignition  susceptibility.  Effects  initiated  by  an  internal 
electrostatic  discharge  have  been  attributed  to  the  cause  of  fires  within  solid  rocket  motors,  although 
the  energy  available  in  the  electrostatic  discharge  is  small.  Owing  to  the  relatively  short  event  and 
difficulty  in  establishing  a  sufficient  volume  for  study,  it  has  been  quite  challenging  to  study 
electrostatic  discharge  phenomena.  On  the  other  hand,  ignition  due  to  hot  fragments  has  been  much 
easier  to  analyze. 

In  a  recent  series  of  works,'"^  a  detailed  model  of  partially  confined  hot  fragment  conductive  ignition 
(PCHFCI)  process  has  been  formulated  and  solved  numerically.  Validation  of  results  with  carefully 
conducted  experiments  has  been  performed,  and,  in  general,  agreement  appears  to  be  quite 


*  This  work  was  performed  under  Grants  No.  DAAL-03-92-G-0020  and  No.  DAAH04-94-G-0202  with  the  Army 
Research  Office,  Research  Triangle  Park,  NC,  with  Dr.  David  M.  Mann  serving  as  the  contract  monitor.  It  should  be 
noted  that  the  content  of  the  information  contained  in  this  work  does  not  necessarily  reflect  the  position  or  the  policy  of 
the  government,  and  no  official  endorsement  should  be  inferred. 
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reasonable.  This  model  has  been  used  to  demonstrate  that  the  Go/No-Go  ignition  boundary  can  be 
strongly  dependent  on  the  type  of  confinement  of  the  evolved  decomposition  gases  for  the  XM39 
nitramine-composite  propellant. 

Although  the  model  considers  a  detailed  treatment  of  physical  and  chemical  phenomena  in  a  foam 
layer,  including  a  separate  analysis  of  the  gas  bubbles  and  liquid,  the  short  residence  time  of  the 
energetic  material  in  this  layer  precludes  ignition  within  the  gas  bubbles.  Instead,  the  thermal 
decomposition  product  gases  accumulate  in  the  fi'ee  volume  above  propellant’s  surface,  and  the 
pressure  rises  until  spontaneous  ignition  occurs  due  to  reaction  among  the  decomposition  products 
CH2O  and  NO2.  Regarding  the  ignition  suscq^tibility  of  the  XM39  propellant,  assumptions  were 
required  to  describe  its  thermal  decomposition  behavior.  Unfortunately,  only  a  limited  amount  of 
data  was  available  to  describe  the  decomposition  behavior  of  the  binder  ingredients.  Hence,  data 
from  differential  scanning  calorimetry  were  incorporated.® 

To  more  fully  understand  the  role  of  the  binder  ingredients  during  the  hot  fragment  conductive 
ignition,  isothermal  decomposition  experiments  have  been  performed  at  both  the  Pennsylvania  State 
University  and  at  the  University  of  Delaware.’  These  studies  have  been  focused  on  examining  the 
binder  ingredients  contained  in  the  XM39  propellant.  The  objectives  of  this  work  are:  (1)  to 
describe  and  adopt  the  results  obtained  from  rapid  thermolysis  experiments  on  binder  ingredients  in 
the  model  simulation,  (2)  to  outline  the  relevant  improvements  to  the  existing  model  of  PCHFCI, 
and  (3)  to  summarize  changes  in  the  predicted  Go/No-Go  ignition  boundary  for  the  XM39 
propellant. 


DECOMPOSITION  BEHAVIOR  OF  XM39  BINDER  INGREDIENTS 

The  XM39  propellant  contains  five  different  ingredients:  76%  of  cyclotrimethylenetrinitramine 
(RDX)  whose  average  crystal  size  is  5pm,  12%  of  cellulose-acetate-butyratc  (CAB),  7.6%  of 
acetyltricthylcitrate  (ATEC),  4%  of  nitrocellulose  (NC),  and  0.4%  of  ethylcentralite  (EC),  which  is  a 
stabilizer  for  the  NC.  A  reasonable  amount  of  data  has  emerged  on  the  decomposition^  and 
combustion  behavior  of  RDX^’*^,  and  a  comprehensible  model  of  its  flame  structure  has  been 
established".  Virtually  no  data  are  available  on  the  thermal  decomposition  behavior  of  ATEC 
relevant  to  either  steady-state  propellant  burning  conditions  or  the  slow  cook-off  situations  of 
PCHFCI.  Recently,  Gongwer  ct  al."  have  conducted  T-jump/FTIR  experiments  using  CAB.  The 
results  from  their  comprehensive  study  suggest  that  the  major  species  formed  include  methyl  acetate, 
methyl  butyrate,  butyric  acid,  CO2,  and  CO.  The  minor  species  formed  are  acetic  acid, 
formaldehyde,  acetaldehyde,  ketene,  ethyl  ketene,  and  CAB  oligomers.  A  dark  residue  also 
remained  on  the  heated  filament.  In  order  to  observe  the  thermal  decomposition,  the  filament 
temperatures  ranged  from  738  to  873  K.  The  molecular  structures  of  CAB,  ATEC,  and  NC  are 
shown  below. 


175-300 


CH2COOC2H5 
CH3CO— C-COOC2H5 
CH2COOC2H5 

ATEC 


O  O 

_ll  II 

R  =  C  (CH2)2CH3  rCCH3  ,  or  H 


NITROCELLULOSE 


x  =  2.5 


1094 


In  view  of  the  complex  molecular  structure  of  these  compounds,  it  is  evident  that  elucidating  the 
thermal  decomposition  behavior  becomes  very  difficult.  In  CAB,  the  molecular  weight  and 
decomposition  behavior  depend  on  the  extent  of  acetyl  and  butyryl  substitutions.  An  approach  for 
measuring  the  extent  of  butyryl  substitution  is  available.’^  To  study  the  thermal  decomposition 
behavior  of  these  binder  ingredients,  the  test  rig  used  previously  for  conducting  the  PCHFCI 
experiments^  has  also  been  utilized  for  conducting  studies  of  the  pyrolysis  behavior  of  the  binder 
ingredients.  The  temperature  of  the  heated  surfaces  was  varied  over  the  range  from  450  to  600  K, 
which  is  typical  to  the  temperatures  measured  within  the  foam  layer  during  the  PCHFCI 
experiments.  However,  the  evolved  gases  from  these  thermal  decomposition  experiments  revealed 
that  neither  CAB  nor  ATEC  decomposed  to  any  significant  extent  over  this  range  of  temperatures, 
which  is  more  than  200  K  below  those  utilized  by  Gongwer  et  al.’^  In  the  case  of  ATEC,  the 
required  temperatures  for  achieving  rapid  thermal  decomposition  appears  to  be  higher  than  those 
required  to  thermally  decompose  CAB,  but  the  experiments  are  difficult  to  perform  due  to  ATEC’s 
propensity  to  rapidly  vaporize. 

It  is  now  evident  that  thermal  decomposition  of  CAB  and  ATEC  can  be  neglected  in  the  PCHFCI 
model,  because  the  temperatures  are  low  and  the  residences  time  are  short  of  the  liquid/gas  within 
the  foam  layer.  Hence,  it  is  reasonable  to  assume  that  CAB  and  ATEC  undergo  a  melting  process 
that  is  followed  by  an  evaporation  process.  This  assumption  should  be  valid  for  ATEC,  but  it  is 
more  questionable  for  CAB  which  is  a  very  long  polymer.  Furthermore,  studies  are  underway  to 
assess  the  •  decomposition  behavior  of  known  mixtures  of  RDX/CAB  as  well  as  mixtures  of 
RDX/ATEC,  in  order  to  assess  the  extent  of  catalytic  effects.^  Hence,  it  is  useful  to  consider  the 
following  phase  changes  for  both  CAB  and  ATEC 


CAB(s)  CAB^j)  -> 

CAB(„ 

(1) 

ATEC(3)  ATEC(i)  ■ 

ATEC(3, 

(2) 

At  standard  pressure  and  temperature,  CAB  appears  as  a  solid,  whereas  ATEC  is  a  liquid.  In  the 
model,  latent  heats  associated  with  the  polymerization  process  during  propellant  manufacturing  are 
assumed  to  be  small  and  are  neglected.  Thus,  the  enthalpy  of  formation  of  liquid  ATEC  is  equal  to 
that  of  the  solid;  in  other  words,  in  the  solid  we  treat  ATEC  as  a  dissolved  liquid. 

NC  is  a  much  more  reactive  compound  than  either  CAB  or  ATEC.  As  discussed  by  Brill  and 
Gongwer, the  decomposition  rate  and  controlling  processes  are  highly  dependent  upon  the 
temperature.  For  temperatures  above  523  K,  the  decomposition  rate  is  very  high,  and  the  results  are 
considerably  scattered.  At  temperatures  below  523  K,  the  results  indicate  the  importance  of  first- 
order  decomposition  kinetics  and  autocatalysis.  However,  for  autocatalysis  to  be  important,  long 
residence  times  are  required  to  allow  an  accumulation  of  species.  Hence,  it  is  reasonable  to  assume 
first-order  decomposition  kinetics  of  NC.  Preliminary  results  from  Gongwer  and  BrilF  indicate  that 
the  following  decomposition  mechanism  of  NC  (12.43%  N)  is  a  reasonable  approximation: 

C12H 15N5O20  7.69  CO  +  4  H2O  3.34 NO  +  2.37  CO2  + 1.07  H2 

+  O.97CH4  +0.75HCN  +  0.35N2  +0.22HNCO 

MODEL  MODIFICATION 

A  detailed  description  of  the  model  of  PCHFCI  is  available;^  "^  therefore,  only  the  major  features  are 
briefly  mentioned  here.  Figure  1  shows  the  five  regions  considered  in  the  model.  In  region  1,  a 
transient  one-dimensional  heat  conduction  process  was  considered  inside  the  solid  propellant. 
Region  2  involved  a  lumped  parameter  analysis  of  the  liquid,  and  it  also  accoimted  for  thermal 
decomposition  of  RDX.  Region  3  treated  physical  and  chemical  effects  within  the  bubbles. 
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including  thennal  decomposition  of  RDX  and  subsequent  reactions  among  its  highly  reactive 
products  (NO2  +  CHjO),  by  using  a  lumped  parameter  analysis.  In  region  4,  a  two-dimensional  heat 
conduction  model  accounted  for  transient  temperature  distributions  in  the  axial  and  radial  directions 
within  the  spall  fragment.  Finally,  gas  accumulation  occurred  in  region  5,  which  was  simulated  by  a 
lumped  parameter  model  including  a  consideration  of  the  conservation  equations  for  mass,  species, 
and  energy.  Since  convective  heat  losses  to  the  surrounding  chamber  walls  are  considered  to  be 
relatively  small  and  continuous  heating  occurred  from  the  spall  fragment,  the  ignition  occurred  in 
this  region  rather  than  inside  the  bubbles.  Ignition  did  not  occur  inside  the  gas  bubbles  within  the 
foam  layer  due  to  large  heat  transfer  rates  to  the  surrounding  liquid  layer;  small  bubble  sizes 
established  large  convective  heat-transfer  coefficients.  Modifications  to  this  model  were  performed 
both  in  regards  to  heat  transfer  and  chemical  kinetics.  Modifications  in  the  chemical  kinetic 
mechanism  were  made  to  incorporate  the  new  information  about  the  thermal  decomposition  behavior 
of  the  binder  ingredients,  as  well  as  to  consider  the  effect  of  different  reactions  and  rates  between 
CH2O  and  Since  the  ignition  delay  times  on  the  order  of  60  s  were  recorded  in  our 

experiments,  thermal  decomposition  of  NOj  was  also  considered  according  to  the  reaction 

2NO2  2NO  +  O2  (4) 

However,  the  consideration  of  this  reaction  has  produced  very  limited  impact  on  the  predicted 
results. 


Region  5  -  Gas  Phase 


Region  3  -  Gas  Bubble 


Figure  1 .  Schematic  diagram  of  the  five  different  regions  considered  in  the  model  of  PCHFCI. 


The  flow  field  established  between  the  chamber  walls  and  propellant  sample  inside  the  test  rig  was 
very  complex.  The  velocities  of  the  gas  evolving  from  the  foam  layer  decayed  rapidly,  and 
combined  natural  and  forced  convection  cooling  occurred  along  the  chamber  walls.  It  was  assumed 
that  these  walls  were  isothermal.  In  order  to  accoimt  for  the  effects  of  pressure  on  the  convective 
heat  transfer,  it  was  shown  that  the  pressure  dependency  on  the  heat-transfer  coefficient  could  be 
approximately  accounted  for  according  to 

K=K.Ttt{pi  (5) 

This  expression  was  readily  developed  by  using  the  equation  of  state  for  an  ideal  gas  and  also 
accounting  for  the  effect  of  temperature  on  viscosity  in  convective  heat  transfer  correlations.  Here, 
Pref  =0.1  MPa.  Since  the  gas  was  largely  in  contact  with  plexiglass,  which  served  as  a  poor  heat 
conductor,  a  relatively  low  value  of  the  reference  heat  transfer  coefficient  =  2  W/m^K  was 
utilized.  The  resulting  model  involved  a  total  of  45  dependent  variables  coupled  in  a  highly 
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nonlinear  manner.  This  model  was  readily  solved  numerically  using  an  adaptive  4-th  order  Runge- 
Kutta  method  adopted  from  Press  et  al.’^ 


DISCUSSION  OF  RESULTS 

In  this  section,  an  assessment  is  presented  on  the  effects  of  the  changes  made  on  the  predicted 
results.  These  major  changes  include  the  vaporization  of  CAB  and  ATEC,  decomposition  of  NC, 
and  the  use  of  a  different  global  reaction  as  well  as  rate  among  CH2O  and  NO2  species.  A  detailed 
summary  of  the  chemical  kinetic  model  incorporated  in  the  existing  PCHFCI  model  is  shown  in 
Table  1,  and  the  associated  kinetic  data  are  given  in  Table  2. 

Figure  2  shows  a  comparison  of  the  sinking  distance  of  the  spall  fragment  obtained  both  from 
experiments  and  modeling.  In  the  experiments,  the  sinking  distance  was  obtained  by  measuring  the 
time  it  took  for  the  spall  fragment  to  traverse  through  the  propellant  sample.  This  time  was  indicated 
by  a  thermocouple  placed  at  the  bottom  of  the  sample,  and  samples  of  different  heights  were  used. 
The  results  shown  in  Fig.  2  apply  to  a  spall  fragment  having  an  initial  temperature  =  1203  K,  and 
height  £5=1 .27  cm,  whereas  the  large  exit  area  of  the  chamber  for  the  gaseous  pyrolysis  products 
(^exit  ^  3.1 7x10"^  m^)  prevented  chamber  pressurization.  Examination  of  this  figure  reveals  that 
results  from  both  the  previous  and  modified  models  underpredict  the  results  obtained  from 
experiments  by  about  30%.  Much  of  that  discrepancy  is  due  to  uncertainties  associated  with  the 
inert  heating  period,  which  typically  lasts  for  about  1  to  2  s.  More  importantly,  however,  the  sinking 
velocity  was  somewhat  more  accurately  predicted  with  the  use  of  the  modified  model.  The  sinking 
velocity  was  obtained  by  evaluating  the  slope  of  these  lines.  In  general,  the  sinking  velocity  could 
be  closely  related  to  the  pressurization  rate  of  decomposition  product  gases  within  the  chamber,  but 
in  this  case,  the  pressure  remained  steady  at  0.1  MPa. 


Figure  2.  Comparisons  of  modified  and  previous  calculated  time  variations  of  sinking 
distance  with  experimental  data. 


Figure  3  shows  the  evolution  of  the  temperature  within  the  gas-phase  region  of  the  totally  confined 
chamber  =  0),  as  well  as  within  the  bubbles  and  liquid  of  the  foam  layer.  Examination  of  this 
figure  reveals  that  the  gas  temperatures  inside  the  bubbles  were  higher  than  those  of  the  liquid 
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TABLE  1 

Modified  Chemical  Kinetic  Scheme  for  Ignition  Study  of  XM39  Propellant 


1.  XM39  Solid  Propellant  /  Foam  Laver  Interface: 

XM39  (RDX(,)  +  Binder(s))  ->  RDX(i)+  Binder^) 

2.  Foam  Laver: 

Liquid: 


RDX, 


^3HCN,,^,  +  3HONO(,^,y 


Fast 


•3HCN(,^„  +  3/2  +  3/2  +  3/2 


Binder 


(1) 


ATEC. 


NC,„  7.69  +  4.00  +  3.34 NO,,,,,  +  2.37  +  1.07 


+0-97  + 0.75  HCN(„„  + 0.35 

^2(dgl)  0.22HNCO(„„ 


CAB. 


Liquid/Gas  Bubble  Interface: 

k4 

Ai(i)  ->  Ai(g) ,  where  A;  include  RDX,  ATEC,  NC,  CAB,  CHjO,  NjO,  HCN,  NO,  NO2,  HjO,,  CO, 
CH4,  CO2,  HNCO,  H2,  N2 

Gas  Bubbles: 

3CH,0^^^  +  3N,0^^^ 


RDX 


(g) 


3  HCN  .  +  3/2  NO  +  3/2  N02( .  +  3/2  H2O, 


Ci) 


NC  ,  J^7.69CO(^)  +  4.00H20^^)  +  3.34NO(^^  +  2.37C02(^^+  1.07H2^^) 
+0.97  +  0.75  HCN^g^  +  0.35  N2(g^  +  0.22  HNCO^g^ 


+  CH20^^^  -V  NO(^^  +  H2O. .  +  CO, 


(g) 


3.  Gas-Phase  Region: 


RDX 


(g) 


NC, 


(i) 


NO.._.  +  CH.0 


^  3CH20(^^  +  3N20^^^ 

^  3  HCN(gj  +  3/2  NO^g)  +  3/2  N02(gj  +  3/2  H20^g) 

7.69  CO(g)  +  4.00  H20(g^  +  3.34  NO^^^  +  2.37  C02(g)  +  1.07  H2^g) 

k. 


+0.97  CH^^gj  +  0.75  HCN^g)  +  0.35  N2(g)  +  0.22  HNCO^g^ 


2(g) 


2^(g) 


NO(g)  +  H20(g^  +  CO(g^ 


2  NO 


2(g) 


2N0(j,  +  02(5> 
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TABLE  2 

Specification  of  Preexponential  Factors  and  Activation  Energies 


k^=  A  exp(-E/R„T) 

A 

E  (kcal/g-mole) 

Ref 

ki 

1x10'^  (1/s) 

36 

9,  10 

^2 

2xl0‘^(l/s) 

45 

9,  10 

k3 

X 

37.1 

7 

1.98x10'",  (1/s) 

38.2 

8 

ks 

802 xT^  ”,  (cmVg  mole-s) 

13.7 

16 

2x10'^  (cmVg  mole-s) 

26.8 

10 

in  the  foam  layer  due  to  their  immediate  contact  with  the  high-temperature  spall  fragment  and 
exothermic  decomposition  of  RDX.  The  low-temperature  decomposition  pathway,  associated  with 
the  formation  of  CH2O  and  N2O,  contributed  to  these  high  temperatures  due  to  its  exothermicity. 
The  relatively  low  temperature  of  the  liquid  was  caused  by  its  high  thermal  conductivity,  which 
provided  a  high  heat-transfer  rate  to  the  solid  propellant.  As  the  decomposition  products 
accumulated  within  the  gas-phase  region  of  the  test  chamber,  the  temperature  increased  and  a  more 
rapid  decomposition  of  gas-phase  RDX  occuired.  Since  convective  heat  transfer  to  the  surroimding 
chamber  walls  was  much  smaller  than  the  rate  of  heat  release  from  chemical  reactions,  ignition 
occurred  within  the  gas-phase  region  (Region  5,  Fig.  1).  The  gas-phase  temperature  approached  850 
K  but  dropped  rapidly  due  to  the  endothermicity  of  the  high-temperature  decomposition  pathway, 
represented  by  the  formation  of  HCN  and  other  species,  the  increased  convective  heat-transfer  to  the 
chamber  walls,  and  depletion  of  reactants.  At  these  high  temperatures,  decomposition  of  binder 
ingredients  could  occur  relatively  rapidly  and  extensively  in  view  of  the  findings  from  the 


Figure  3.  Calculated  time  variations  of  temperatures  and  pressure  when  ignition  of 
XM39  propellant  occurs. 
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thermolysis  work  conducted  by  Gongwer  et  al.^^  Hence,  the  accuracies  of  the  calculated 
temperatures  within  the  gas-phase  region  beyond  the  time  of  ignition  could  have  some  degree  of 
uncertainty. 

Figure  4  shows  the  evolution  of  species  within  the  gas-phase  region  also  for  the  case  of  a  totally 
confined  chamber.  Since  prior  to  ignition,  the  temperatures  within  the  bubbles  were  higher  than 
those  within  the  gas-phase  region  over  a  portion  of  the  time,  the  thermal  decomposition  products 
were  primarily  formed  within  the  bubbles  of  the  foam  layer.  To  keep  this  figure  in  a  relatively 
readable  format,  only  the  most  relevant  species  are  included.  It  is  observed  firom  this  figure  that 
RDX  became  essentially  depleted  upon  ignition,  and  its  replenishment  was  due  to  evaporation  of  the 
foam  layer.  At  these  temperatures,  NC  underwent  extensive  decomposition.  The  relative  roles  of 
the  low-  and  high-temperature  decomposition  pathways  are  also  evident:  in  this  case,  it  can  be  seen 
that  CHjO  and  NO2  evolved  at  about  the  same  rate  prior  to  ignition.  After  ignition,  the  high- 
temperature  decomposition  pathway  became  dominant  and  NO2  appeared  in  quantities  several 
orders-of-magnitude  larger  than  those  of  CHjO. 


Figure  4.  Calculated  time  variations  of  species  concentration  in  the  gas-phase  region  in 
the  simulation  of  conductive  ignition  of  XM39  propellant. 


The  remaining  discussion  of  results  is  focused  on  the  prediction  of  the  Go/No-Go  ignition  boundary. 
In  Fig.  5,  the  Go/No-Go  ignition  boundaries  for  the  totally  confined  enclosure  are  presented.  Above 
an  individual  curve  in  this  figure,  ignition  is  either  observed  or  predicted.  Examination  of  Fig.  5 
reveals  that  an  improved  agreement  with  the  experimental  data  was  obtained  with  the  modification 
of  the  model  described  previously.  This  improved  agreement  is  attributed  to  better  knowledge  both 
of  decomposition  species  and  of  convective  heat  transfer  to  the  chamber  walls.  In  particular, 
knowledge  about  heats  of  formation  and  a  smaller  species  conversion  rate  have  caused  the  upward 
shift  in  the  calculated  ignition  boundary.  In  addition,  in  the  previous  model, ^  the  convective  heat- 
transfer  coefficient  was  assumed  to  be  indqjendent  of  pressure,  which  also  affected  the  location  of 
the  modelled  ignition  boundary. 

An  accurate  prediction  of  the  Go/No-Go  ignition  boundary  for  the  partially  confined  enclosure,  as 
shown  in  Fig.  6,  was  much  more  difficult  to  obtain.  The  difference  in  the  predicted  ability  between 
fully  and  partially  confined  enclosures  was  noted  for  both  the  modified  and  previous  models.  An 
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improved  agreement  was  obtained  in  regards  to  the  overall  dependency  of  the  mass  of  spall  fragment 
on  the  location  of  the  ignition  boundary.  For  an  increased  spall  mass,  a  decrease  in  initial  spall 
temperature  was  required  for  ignition.  In  the  case  of  a  partially  confined  enclosure,  the  ignition 
delays  were  significantly  longer  compared  to  the  fully  confined  enclosure;  therefore,  accurate 
prediction  of  Go/No-Go  ignition  boundary  requires  more  detailed  knowledge  of  the  rate  of  heat 
losses  to  the  surrounding  walls.  Further  improvements  to  such  modeling  of  heat  transfer  will  most 
likely  come  from  a  more  accurate  modeling  of  the  flow  field  within  the  enclosure,  which  is  beyond 
the  scope  of  this  report. 
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The  final  set  of  results  shown  in  Fig.  7  describes  uncertainties  associated  with  the  use  of  a  global 
reaction  among  CH2O  and  NO2  species.  The  reaction  between  these  species  was  attributed  to  cause 
ignition  within  the  gas-phase  region.  It  should  be  emphasized  that  all  the  calculations  shown  in  Fig. 
7  were  determined  using  the  previous  model.^  Inspection  of  Fig.  7  shows  that  over  the  range  of 
experimental  data  there  is  essentially  very  little  difference  in  the  predicted  ignition  boundaries.  This 
observation  implies  that  the  reaction  among  CH2O  and  NO2  may  not  be  the  limiting  step  in  the 
ignition  sequence.  Instead,  the  decomposition  of  RDX  and  thus  the  formation  of  CH2O  and  NO2 
could  be  the  limiting  step  to  the  ignition.  However,  in  cases  of  a  small  mass  of  the  spall  fragment,  a 
noted  difference  is  predicted.  Hence,  it  is  believed  that  in  the  range  of  small  spall  masses,  where 
reactions  among  CH2O  and  NO2  species  control  the  location  of  the  ignition  boundary,  the  differences 
in  the  rates  of  these  reactions  become  important. 


Spall  Mass,  gm 

Figure  7.  Comparisons  of  experimental  result  with  calculated  Go/No-Go  ignition  boundaries 
using  different  reactions  between  CHjO  and  NO2  for  XM39  propellant  in  a 
totally  confined  enclosure. 


SUMMARY  AND  CONCLUSIONS 

An  existing  model  of  hot  fragment  conductive  ignition  was  modified  to  more  accurately  reflect  heat 
transfer  and  binder  decomposition  product  evolution  of  the  XM39  propellant.  For  the  binder 
ingredients  of  the  XM39  propellant,  thermal  decomposition  experiments  revealed  that  the  extent  of 
decomposition  of  these  binders  was  very  limited  due  to  the  low  temperature  experi^ced  prior  to 
ignition  and  short  residence  times  of  bubbles  within  the  foam  layer.  The  effects  of  initial 
temperature  of  spall  particle,  size  of  spall  particle,  and  size  of  chamber  exhaust  port  (governing  the 
degree  of  confinement)  were  examined  for  comparison  with  experimental  results.  The  Go/No-Go 
ignition  boundaries  were  predicted  under  various  degrees  of  confinement.  An  improved  agreement 
was  obtained  betwe^  the  calculated  and  experimentally  determined  Go/No-Go  ignition  boundary  in 
both  the  fully  and  partially  confined  enclosure  in  which  the  pressure  was  maintained  at  one 
atmosphere  prior  to  ignition.  Both  calculated  results  and  experimental  data  showed  the  shift  of  the 
Go/No-Go  ignition  boundary  from  the  highly  confined  case  to  that  of  a  partially  (weakly)  confined 
condition.  In  addition,  the  use  of  either  a  reaction  among  CH2O  and  NO2  species  attributed  to 
BenReuven  et  al.,^^  or  a  more  recently  established  one  by  Lin  et  al.’*^  from  shock-tube  experiments 
showed  no  appreciable  differences. 
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ABSTRACT:  A  mathematical  model  for  a  three-tiered  system  consisting  of  solid,  liquid  and 
gas  is  derived  for  studying  the  combustion  of  RDX  and  HMX  monopropellants.  The  resulting 
nonlinear  two-point  boundary  value  problem  is  solved  by  Newton’s  method  with  adaptive  grid- 
ding  techniques.  In  this  study  the  burning  rate  is  computed  as  an  eigenvalue,  which  removes 
the  uncertainty  associated  with  employing  evaporation  and  condensation  rate  laws  in  its  eval¬ 
uation.  Results  are  presented  for  laser-assisted  and  self-deflagration  of  HMX  monopropellants 
and  are  compared  with  experimental  results.  The  burning  rates  are  computed  over  a  wide 
range  of  ambient  pressures  and  compare  well  with  experimental  results  from  one  to  ninety 
atmospheres.  The  burning  rate  is  found  to  be  proportional  to  the  pressure  raised  to  the  0.82 
power.  Sensitivity  of  the  burning  rate  to  initial  propellant  temperature  is  calculated  and  found 
to  be  extremely  low,  in  agreement  with  past  theoretical  predictions  and  experimental  data. 
Results  for  laser-assisted  combustion  show  a  distinct  primary  and  secondary  flame  separated 
by  a  dark  zone,  the  length  of  which  is  dependent  upon  the  incident  laiser  flux  intensity. 


1.  INTRODUCTION 

Numerous  chemicals  have  been  used  in  making  solid  propellants  with  the  goal  of  optimizing 
combustion  characteristics  for  different  purposes.  The  cyclic  nitr amines  cyclotrimethylen- 
etrinitramine  (CzHeNeO^),  commonly  called  RDX,  and  cyclotetramethylenetetranitramine 
{CaH^NsO^)^  commonly  called  HMX  are  important  ingredients  in  solid  propellants.  The  ad¬ 
dition  of  nitramine  particles  such  as  RDX  and  HMX  to  double-base  homogeneous  propellants 
increases  the  flame  temperature  and  energy  release.  It  is  widely  known  that  the  use  of  these 
ingredients  offers  many  advantages.  Due  to  the  high  energy  release  of  these  compounds  and 
the  large  amount  of  low  molecular  weight  gaseous  combustion  products,  high  values  of  specific 
impulse  for  rocket  propellants  and  impetus  for  gun  propellsmts  can  be  achieved. 

Due  to  the  lack  of  understanding  of  the  various  elementary  chemical  and  physic^  processes 
involved  during  the  combustion  of  HMX  monopropellants,  little  work  has  been  done  in  the  area 
of  detailed  numerical  modeling.  Microscopic  observations,  mostly  by  Boggs  and  Hanson-Parr 
and  Parr,  of  quenched  samples  using  a  scanning  electron  microscope  and  of  burning  samples 
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using  high  speed  motion-picture  photography  have  revealed  many  aspects  of  the  deflagration 
process  that  can  aid  in  the  development  of  theories  [1-2].  Ben-Reuven  et  al.  have  incorpo¬ 
rated  basic  nitramine  flame  chemistry  into  theoretical  models  for  studying  the  self-deflagration 
of  HMX  [3].  A  simplified  theoretical  model  was  also  developed  by  Mitani  and  Williams  for 
describing  the  flame  structure  and  deflagration  of  nitramines,  which  included  exothermic  de¬ 
composition  in  a  liquid  layer,  equilibrium  vaporization,  and  exothermic  combustion  in  the  gas 

[4]. 

The  problem  of  modeling  the  deflagration  of  a  homogeneous  solid  propellant  becomes 
especially  difficult  if  it  is  necessary  to  account  for  two-phase  flow  that  occurs  in  liquid  melt 
layers  as  well  as  the  gas-phase  region  above  the  liquid  melt  layer.  The  combustion  of  double¬ 
base  propellants  usually  involves  reactions  occurring  in  the  condensed-phase,  in  the  dispersed- 
phase  and  in  the  gas-phase.  Li,  Williams  and  Margolis  used  asymptotic  analysis  to  extend 
the  Mitani- Williams  model  to  account  for  the  presence  of  bubbles  and  droplets  in  a  two-phase 
layer  at  the  propellant  surface  [5] .  They  again  report  good  agreement  with  measured  burning 
rates  and  pressure  and  temperature  sensitivities  using  an  overall  chemical-kinetic  parameter 
for  describing  gas-phase  reactions.  These  models  do  not  predict  a  dark  zone  as  observed  in 
experimental  results.  Additional  work  considering  RDX  combustion  with  two-phase  subsurface 
reactions  is  included  in  [6]. 

Melius  developed  a  two-layer  solid-gas  model  for  studying  the  ignition  and  self-deflagration 
of  RDX  [7-8].  He  constructed  a  gas-phase  model  with  an  evaporation-condensation  rate  law 
that  was  used  to  model  the  regressing  planar  interface  separating  the  solid  and  the  gas- 
phcise.  In  the  solid-phase  there  was  a  single  irreversible  reaction  whose  rate  was  pertinent 
to  liquid  phase  RDX.  Fetherolf  and  Litzinger  have  studied  the  CO2  laser-induced  pyrolysis 
of  HMX  using  both  experimental  studies  and  kinetic  modelling  of  the  gas-phase  processes 
[9].  Hatch  has  developed  a  steady-state  one- dimensional  combustion  model  to  study  the  gas- 
phase  chemistry  of  a  nitrate-ester  flame  and  has  recently  applied  this  approach  for  studying  the 
deflagration  of  HMX  [10].  The  effects  on  combustion  of  different  mechanisms  of  decomposition 
were  determined  and  some  of  the  more  important  gas-phase  reactions  were  identified. 

More  recently,  Prasad,  Yetter  and  Smooke  have  developed  a  detailed  three-layered  model 
for  studying  RDX  self-  and  laser- assisted  deflagrations  using  detailed  finite  rate  chemistry 
in  the  gas-phase  and  a  three-step  liquid-phase  decomposition  mechanism  [11].  This  model 
accurately  predicts  the  burn  rates  over  a  wide  range  of  ambient  pressures  and  initial  propellant 
temperatures  under  self-deflagration  conditions.  In  the  present  study,  we  apply  the  approach 
used  in  [11]  to  develop  a  detailed  model  for  studying  the  combustion  of  HMX  homogeneous 
monopropellants . 


2.  PROBLEM  FORMULATION 

Figure  1  shows  a  schematic  diagram  of  the  physical  model  we  will  employ  for  describing 
the  steady-state  burning  of  a  homogeneous  solid  propellant.  It  consists  of  a  three-layered 
(solid,  liquid  and  gas)  model  with  sharp  planar  boundaries,  with  the  liquid  layer  sandwiched 
between  the  other  two  phases.  HMX  monopropellant  combustion  is  modeled  with  a  solid 
region  followed  by  a  liquid  reaction  zone  followed  by  a  fizz  zone  and  then,  after  a  dark  zone, 
by  a  luminous  gas-phase  flame.  Unlike  RDX,  there  are  four  polymorphic  forms  of  HMX  [1]. 
The  /?HMX  is  the  commonly  encountered  stable  form  at  room  temperature,  whereas  <^HMX 
is  most  relevant  to  the  thermal  decomposition  of  HMX. 

The  P  S  phase  transformation  is  again  modeled  as  a  sharp  planar  interface  within  the 
solid-phase  to  account  for  the  different  enthalpies  and  specific  heats  associated  with  the  two 
polymorphs.  Under  certain  conditions  the  gas-phase  shows  a  clearly  separated  primary  flame 
(fizz  zone)  and  a  secondary  flame  (luminous  zone)  separated  by  a  dark  zone  which  exhibits 
essentially  isothermcd  chemical  reactions. 
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Schematic  description  of  the  flame  (combustion  wave)  structure 


Figure  1.  Schematic  diagram  of  a  three-tiered  (solid,  liquid  and  gas)  combustion  model  for 
HMX  monopropellant.  Also  shown  is  the  structure  of  the  combustion  wave  obtained  under 
laser- assisted  conditions. 

We  consider  the  steady-state  deflagration  of  a  semi- infinite  piece  of  pure  HMX  monopro¬ 
pellant.  It  is  assumed  that  the  propellant  is  mounted  on  a  platform  moving  at  a  velocity  equal 
but  opposite  to  the  regression  velocity  of  the  propellant.  As  a  result,  during  steady-state 
HMX  deflagration,  the  locations  of  the  gas-liquid  interface,  the  solid-liquid  interface,  and  the 
primary  and  secondary  flames  are  all  fixed  in  the  laboratory  frame  of  reference.  We  further 
choose  that  the  gas-liquid  interface  is  located  at  the  origin  of  the  coordinate  frame  of  refer¬ 
ence.  Thus  in  Figure  1,  x  is  the  coordinate  normal  to  the  surface;  the  interface  is  located  at 
a;  =  0;  the  solid  extends  to  x  =  —  oo,  and  the  gas  extends  to  r  =  -f-oo.  We  are  interested  in 
computing  the  burning  rate  (determined  from  the  mass  flux  m  [gm  j crri^  j sec)  and  the  local 
value  of  the  density)  with  which  the  solid  must  move  in  the  d-x  direction  so  that  the  interface 
will  remain  at  x  =  0. 

The  burning  rate  or  the  rate  of  decomposition  of  liquid  HMX  can  be  obtained  as  a  dif¬ 
ference  between  the  rate  of  evaporation  for  liquid  HMX  ^d  the  rate  of  condensation  for  the 
gaseous  products.  The  evaporation  and  condensation  rates  are  generally  complicated  empiri¬ 
cally  derived  expressions  that  involve  the  temperature  and  the  various  species  concentrations 
at  the  interface.  The  evaporation  and  condensation  rates  are  large  numbers  O(IO^)  with  a  very 
small  difference  0(10“^).  The  result  of  employing  this  approach  in  a  computational  model  is 
that  numerical  instability /convergence  difficulties  can  occur.  In  the  approach  taken  in  this 
paper,  the  mass  flux  (and  hence  the  burning  rate)  is  obtained  as  an  eigenvalue  of  the  problem 
[11]. 

Our  goal  is  to  predict  theoretically  the  mass  fractions  of  the  species  and  the  temperature 
as  functions  of  the  independent  coordinate,  x,  together  with  the  mass  flux.  If  in  the  gas-phase 
we  neglect  viscous  effects,  body  forces,  radiative  heat  transfer  and  the  diffusion  of  heat  due  to 
concentration  gradients,  the  equations  governing  the  structure  of  a  steady,  one- dimensional, 
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gcLS-phase,  isobaric  flame  [12]  are 


(2.1) 

(2.2) 


where 


.  dY, 
dx 
dT 


m  ~  pvA  =  Kl  —  constant 
d 


dx 


rhcp—  =  I  Ai4 

dx  dx 


dx 


dT 


k=l 


p  = 


pW 


(2.3) 

(2.4) 


In  these  equations,  x  denotes  the  independent  spatial  coordinate;  rh,  the  mass  flux;  T,  the 
temperature;  1^,  the  mass  fraction  of  the  species;  p,  the  pressure;  v,  the  velocity  of  the 
fluid  mixture;  p,  the  mass  density;  Wk,  the  molecular  weight  of  the  species;  the  mean 
molecular  weight  of  the  mixture;  i?,  the  universal  gas  constant;  A,  the  thermal  conductivity  of 
the  mixture;  Cp,  the  constant  pressure  heat  capacity  of  the  mixture;  Cpk,  the  constant  pressure 
heat  capacity  of  the  fc*'*  species;  h*,  the  enthalpy  of  the  /c**  species;  w/,,  the  molar  rate  of 
production  of  the  species;  and  the  diffusion  velocity  of  the  fc*'*  species.  A  represents 
the  local  cross-sectional  area  of  the  stream  tube  encompassing  the  flame. 

In  the  liquid  layer,  sometimes  referred  to  as  the  foam  zone,  temperatures  are  high  enough 
for  molecular  degradation  to  take  place.  Simultaneous  secondary  reactions  occur  so  that 
a  mixture  of  soluable  and  liquid-phase  species  emerge  from  the  surface  and  the  net  energy 
balance  of  the  degradation  is  exothermic.  For  the  liquid-phase,  it  is  assumed  that  the  diffusion 
velocities  are  negligible.  The  equations  of  motion  therefore  simplify  into  the  form 

m  =  pvA  =  Kl  =  constant^  p  —  constant  =  K2 
m^  =  AiAyW„  k  =  \,2,...,K 

The  term  QA  represents  the  energy  input  due  to  laser  flux  heating. 

The  solid-phase  (both  (3  and  6  HMX)  consists  of  a  homogeneous  propellant  with  no  chem¬ 
ical  reactions.  The  diffusion  velocities  in  the  condensed  phase  are  again  zero.  The  equations 
further  simplify  to 


(2.5) 

(2.6) 

(2.7) 


m  =  pvA  =  K\  =  constant,  p  =  constant  =  K2 
Yhmx  =  1.0,  Y,  =0,  kjt  HMX 


(2.8) 

(2.9) 

(2.10) 


To  complete  the  specification  of  the  problem,  boundary  conditions  must  be  imposed  on 
each  end  of  the  computational  domain  (— £-i,X2)  aJid  at  the  interfaces.  The  temperature  and 
the  species  mass  flux  fractions  are  prescribed  at  the  unreacted  solid  boundary.  In  the  hot 
stream  outflow  boundary  the  gradient  of  temperature  and  species  mass  fractions  axe  assumed 
to  be  negligibly  small. 


Calculation  of  the  mass  flux  proceeds  by  introducing  the  trivial  differential  equation 


(2.11) 
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and  an.  additional  boundary  condition.  We  have  considered  several  possibilities  all  of  which 
close  the  problem  mathematically.  One  possibility  is  to  use  experimental  information  regarding 
the  “boiling  point”  or  the  “evaporation”  temperature  at  the  gas  -  liquid  interface,  the  location 
of  which  is  fixed  at  the  origin  in  the  chosen  coordinate  system.  Another  choice  is  to  impose 
the  fact  that  the  monopropellant  concentration  is  negligibly  small  at  the  far  stream  boundary. 
Other  possibilities  exist  but  these  are  the  two  we  most  often  use.  In  addition,  one  needs  to 
specify  specialized  interface  conditions  that  account  for  the  transition  from  the  liquid  to  the 
gas- phase  as  well  as  any  laser  flux  heating  that  might  occur  at  the  interface.  Energy  balance 
at  this  interface  is  maintained  by  solving  the  difference  form  of  the  energy  equation 

The  term  QA  represents  the  heat  input  due  to  laser  flux  heating,  whereas  the  difference  form 
of  the  convective  term  m-£  (eLi  takes  account  of  the  heat  of  vaporization  associated 

with  the  phase  transition  from  the  liquid  to  the  gas-phase. 

Unlike  the  gas-liquid  interface,  whose  location  remains  fixed  at  a  specified  grid  point,  the 
locations  of  the  ^HMX-liquid  (melt  point)  and  the  /?HMX-<^HMX  (phase  transformation  point) 
interfaces  are  not  known  a-priori.  The  temperature  decides  the  location  of  these  interfaces 
and  the  algorithm  uses  thermodynamic  properties  relevant  to  that  phase  for  evaluating  the 
interface  conditions.  Energy  balance  is  maintained  across  the  <^HMX-liquid  and  the  /?HMX- 
JHMX  interfaces  by  solving  equation  (2.12)  without  the  diffusion  velocity  term. 

The  governing  equations  (2.1-2.12)  are  solved  by  Newton’s  method  with  adaptive  gridding 
techniques  [12].  The  various  diffusion  coefficients  in  the  gas-phase  are  evaluated  using  vector¬ 
ized  and  highly  optimized  transport  and  chemistry  libraries.  The  specific  heats  and  thermal 
diffusivities  for  /3HMX,  ^HMX  and  liquid  HMX  were  obtained  from  the  work  of  Shoemaker 
[13].  The  liquid-phase  reaction  mechanism  is  based  on  the  work  of  Brill  and  Thynell  et  al. 
[14-15].  The  mechanism  consists  of  three  steps  in  which  HMX  thermally  decomposes  through 
two  global  channels  to  form  either  CH^O  and  N2O  or  H2CN  and  AO2-  The  third  global  step 
describes  low  temperature  secondary  chemistry  of  CH2O  and  N O2  ^-nd  is  derived  from  the 
gas-phase  studies  of  Lin  et  al.  [16]. 

The  gas-phase  reaction  mechanism  consists  of  48  chemical  species  and  228  reactions  and 
was  formulated  from  the  original  RDX  mechanism  of  Mefius  [7-8]  and  the  RDX  mechanism  in 
[11].  The  gas-phase  kinetic  parameters  for  thermal  decomposition  of  HMX  were  obtained  from 
Shaw  and  Walker  [17].  Rate  parameters  for  reactions  of  the  species  HMXR,  the  radical  formed 
by  removing  a  nitro  group  from  HMX,  and  the  species  HMXRO,  the  ring  open-structure  of 
HMXR,  were  estimated  to  be  the  values  used  in  the  RDX  mechanism.  We  realize  that  with 
further  study,  these  rates  could  be  subject  to  change. 

3.  RESULTS  AND  DISCUSSION 

In  this  section  we  present  results  for  the  case  of  self- deflagration  and  laser- assisted  com¬ 
bustion  of  HMX  monopropellants. 

3.1  Laser- ass  is  ted  combustion 

Experimental  studies  often  employ  laser  heating  for  ignition  purposes  and  for  obtaining 
higher  burning  rates  [2].  In  particular,  the  added  laser  flux  energy  significantly  affects  the 
energy  balance  at  the  gas-liquid  interface,  which  results  in  larger  mass  flux  values  (burning 
velocities)  and  also  higher  final  flame  temperatures.  It  is  zissumed  that  gas-phase  species  do 
not  absorb  at  a  laser  wavelength  of  10.6  microns  and  that  the  laser  flux  energy  is  completely 
absorbed  in  the  condensed-phase  [2].  Furthermore,  the  absorptivity  of  solid  HMX  at  10.6 
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Laser-Assisted  Deflagration  of  HMX 

Pressure  =  1  atm 


X(mm) 


Figure  2.  Comparison  of  numerical  and  experimental  results  for  laser-assisted  combustion 
of  HMX  monopropellant  at  1  atm.  Temperature  profiles  in  the  gas,  liquid  and  solid  phase. 
Numerical  results  are  illustrated  for  70%,  80%,  90%  and  100%  of  the  peak  laser  flux  intensity. 

Results  show  a  distinct  fizz  zone  followed  by  a  dark  zone  and  a  flame  zone. 

microns  is  such  that  the  ^  depth  is  only  l/im.  Employing  Beer’s  law,  the  reduction  in  beam 
irradiance  brought  about  by  absorption  in  the  condensed-phase  can  be  described  as 

/(x)  =  /(0)e-“  (3.1) 

where  /(O)  is  the  irradiance  of  the  beam  at  the  input  to  the  gas-liquid  interface,  a  = 
is  the  absorption  coefficient,  and  x  is  the  absolute  distance  measured  from  the  gas-liquid 
interface.  The  energy  input  {Q)  at  any  node  point  in  the  condensed-phase  is  obtained  by 
subtracting  the  beam  irradiance  leaving  the  cell  from  that  at  the  input  to  the  cell. 

The  laser-assisted  experiments  show  that  the  HMX  flame  is  not  a  truly  one-dimensional 
flame  but  a  quasi-one- dimensional  system.  Measurements  of  the  variation  in  cross  sectional 
area  were  obtained  experimentally  by  generating  streamlines  from  particle  image  velocimetry 
(PIV)  data  and  measuring  the  relative  change  in  area  of  these  streamlines.  It  was  shown  that 
the  area  increases  by  a  factor  of  about  five  between  the  surface  and  the  region  in  the  burnt 
gas  where  the  flame  stops  expanding  radially.  A  curve  fit  was  developed  for  this  area  variation 
normalized  to  the  region  of  the  burnt  gases  very  far  from  the  gas-liquid  interface. 

Numerical  simulations  for  laser-assisted  combustion  have  been  performed  at  1  atm  with 
70%,  80%,  90%  and  100%  of  the  peaJc  value  (337  cal / cm? f  sec)^  and  have  been  compared  with 
experimental  results.  The  lower  values  used  in  the  numerical  simulations  implicitly  account  for 
losses  in  the  experiments  such  as  reflection  at  the  surface  as  well  as  the  Gaussian  distribution  of 
the  laser  flux  profile.  The  reactant  stream  temperature  was  Tt,  =  298K  and  the  computational 
length  was  given  by  L  =  8mm. 

Figure  2  shows  the  temperature  profile  in  the  solid,  liquid  and  gas-phases.  The  experi¬ 
mental  temperature  at  which  evaporation  occurs  is  Tg^op  =  660 AT.  Based  on  the  structure  of 
the  thermal  wave  propagating  into  the  condensed-phase,  we  find  that  the  temperature  rises 
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monotonically  from  the  initial  propellant  temperature  (T«  =  298iv )  to  the  melting  point  tem¬ 
perature  {Tmeit  =  5557\ ).  During  this  portion  HMX  exists  in  solid  forms  or  6  crystals),  and 
it  is  assumed  that  there  are  no  chemical  reactions  tedcing  place  in  this  regime.  This  region  is 
followed  by  the  melt  layer  in  which  the  temperature  further  increases  from  5557C  to  the  surface 
temperature.  The  thickness  of  the  melt  layer  based  on  these  calculations  is  approximately  40 
pm.  This  compares  reasonably  well  with  results  published  in  the  literature.  We  also  find 
approximately  53%  decomposition  of  liquid  HMX  in  the  melt  layer.  This  is  in  contrast  to  43% 
found  for  laser- assisted  RDX  deflagration. 

The  liquid  melt  layer  is  followed  by  gas-phase  combustion  of  gases  evaporating  from  the 
melt  layer.  The  temperature  profile  in  the  gas-phase  shows  three  distinct  regions  termed  in 
the  literature  as  fizz,  dark  and  flame  zones.  The  fizz  zone  temperature  steadily  rises  from  the 
surface  temperature  to  ISOOilT.  The  temperature  of  the  dark  zone  which  follows  the  fizz  zone 
remains  almost  constant  throughout  its  width  (2  mm),  while  that  of  the  flame  zone  rises  from 
the  end  of  the  dark  zone  to  nearly  the  adiabatic  flame  temperature. 

The  symbols  in  Figure  2  represent  temperature  measurements  from  the  experiments  of 
Hanson-Parr  and  Parr  [2].  Temperature  profiles  were  obtained  by  piecing  together  OH  and 
NO  rotational  temperature  data  in  the  gas  phase  and  thermocouple  measurements  in  the 
condensed  phase.  In  general,  there  is  good  agreement  between  experimental  and  numerically 
computed  temperatures  in  the  gas,  liquid  and  solid-phases. 

As  the  laser  flux  intensity  is  increased,  the  calculations  suggest  that  the  burning  rate 
increases  correspondingly,  with  small  changes  in  the  final  flame  temperatures.  The  burning 
rates  corresponding  to  70%,  80%,  90%  and  100%  were  0.135,  0.152,  0.165  and  0,182  cm/sec, 
respectively.  Hanson-Parr  and  Parr  have  reported  a  burning  rate  value  of  0,18  cm /sec  for 
the  laser- assisted  combustion  experimentally  studied  [2].  This  increase  in  the  mass  flux  (as 
compared  with  those  for  self-deflagration)  is  responsible  for  increasing  the  length  of  the  dark 
zone  as  shown  in  Figure  2.  Experimental  results  also  indicate  that  the  length  of  the  dark  zone 
varies  as  a  function  of  the  laser  flux  intensity. 

The  profiles  for  the  NH,  OH  and  CN  mole  fraction  are  shown  in  Figures  3,  4  and  5, 
respectively,  and  show  good  agreement  between  the  numerical  and  the  experimental  results. 
The  CN  profile  is  indicative  of  the  location  of  the  flame  zone.  Although  the  experimental 
measurements  are  slightly  lower  than  the  numerical  values,  the  location  of  peak  concentrations 
as  well  as  the  width  of  the  CN  profile  again  compare  well  with  the  experimental  results.  The 
OH  profile  peaks  outside  the  CN/NH  flame  sheet.  For  CO2  laser-assisted  deflagration, 
experiments  indicate  that  the  narrow  NH  profile  peaks  at  3.6  mm  above  the  surface  at  a 
value  of  100  ppm. 

3.2  Self-Deflagration 

Numerical  calculations  have  also  been  performed  for  self-deflagrating  HMX  monopropel¬ 
lants.  When  the  laser  flux  heating  is  removed,  the  mass  burning  rate  is  reduced  and,  as  a 
result,  the  primary  and  the  secondary  flames  superimpose  on  each  other  producing  a  single 
flame.  The  temperature  profile  for  self-deflagration  at  1  atm  illustrated  in  Figure  6  shows 
that  the  two-zone  flame  structure  is  no  longer  present.  This  finding  is  in  accordance  with 
experimental  results  [2]. 

Calculations  have  also  been  performed  for  self- deflagration  of  HMX  monopropellants  over 
a  wide  range  of  ambient  pressures  ranging  from  one  to  ninety  atmospheres.  The  dependence 
of  the  burning  rate  on  ambient  pressure  is  shown  in  Figure  7  for  both  model  and  experiment 
[1],  [18-19].  The  pressure  sensitivity  n  was  found  to  be  approximately  0.82,  and  matches  very 
well  with  experimental  results  and  theoretical  work  [3-5],  [20]. 

As  the  ambient  pressure  increases,  the  flame  comes  closer  to  the  gas-liquid  interface  result- 
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Pressure  =  1  atm 


Figure  3.  Comparison  of  numerical  and  experimental  results  for  laser- assisted  combustion 
of  HMX  monopropellant  at  1  atm.  Numerically  computed  NH  mole  fraction  profile  is  for 
70%,  80%,  90%  and  100%  of  the  peak  laser  flux  intensity. 
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Figure  4.  Comparison  of  numerical  and  experimental  results  for  laser- assisted  combustion 
of  HMX  monopropellant  at  1  atm.  Numerically  computed  OH  mole  fraction  profile  is  for 
70%,  80%,  90%  and  100%  of  the  peak  Iciser  flux  intensity. 
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Figure  5.  Comparison  of  numerical  and  experimental  results  for  laser-assisted  combustion 
of  HMX  monopropellant  at  1  atm.  Numerically  computed  CN  mole  fraction  profile  is  for 
70%,  80%,  90%  and  100%  of  the  peak  laser  flux  intensity. 


Self-Deflagration  of  HMX 
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Figure  6.  Self  deflagration  of  HMX  monopropellant  at  1  atm.  Temperature  profiles  in  the 
gas,  liquid  and  solid  phase.  Also  shown  is  the  experimentally  measured  temperature  profile  in 
the  condensed  phase.  The  gas  phase  profile  does  not  show  the  prince  of  a  dark  zone. 
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Figure  7.  Variation  of  burn  rate  as  a  function  of  ambient  pressure  for  self-delfagration 
conditions  of  HMX  monopropellant.  The  numerical  results  have  been  compared  with  experi¬ 
mental  results  obtained  from  Atwood,  Boggs,  Parr  and  Zenin  The  surface  temperatures  used 
in  the  numerical  calculations  were  obtained  from  the  experimental  data  of  Zenin.  (a)  Initial 
propellant  temperature  =  298  K,  (b)  Initial  propellant  temperature  =  373  K. 
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ing  in  higher  temperature  gradients  in  the  gas  and  the  condensed-phases.  Due  to  the  higher 
burning  rates  associated  with  higher  ambient  pressures,  we  find  that  the  thickness  of  the  melt 
layer  and  the  ^HMX  layer  decreases  as  the  ambient  pressure  increases.  Although  the  surface 
temperature  increases  as  the  ambient  pressure  increases,  the  amount  of  decomposition  in  the 
liquid-phase  decreases  from  about  59%  at  one  atmosphere  to  almost  0%  at  90  atmospheres. 
This  is  due  to  a  combination  of  smaller  melt  layer  thickness  and  higher  burning  rates  at  higher 
ambient  pressures. 

The  burning  rate  has  been  computed  at  initial  propellant  temperatures  (T^)  ranging  from 
173  K  to  423  K  over  a  wide  range  of  ambient  pressure.  These  results  compare  favourably  with 
experimental  results  from  Atwood  et  al.  [18].  (Burning  rate  comparisons  for  Ty  =  Z7ZK  are 
also  shown  in  Figure  7.)  When  the  initial  propellant  temperature  is  increased  from  298  K 
to  373  K,  the  temperature  gradient  in  the  gas  and  liquid-phase  reduces,  but  the  thickness  of 
the  melt  layer,  the  amount  of  liquid-phase  decomposition  and  the  burn  rate  increase  slightly. 
The  average  value  of  temperature  sensitivity  {cp)  obtained  for  HMX  monopropellant  is  ap¬ 
proximately  0.0008/K,  and  compares  favourably  with  experimental  results.  The  value  for 
predicted  in  [3-5]  and  [20]  was  significantly  higher. 

4.  CONCLUSIONS 

Research  in  the  field  of  solid  rocket  propellants  over  the  past  few  decades  has  focused 
on  obtaining  a  detailed  understanding  of  the  various  physical  and  chemical  processes  involved 
during  the  burning  of  homogeneous  and  heterogeneous  propellants.  In  this  paper,  a  mathemat¬ 
ical  model  for  a  three- tiered  system  consisting  of  solid,  liquid  and  gas  was  derived  for  studying 
the  combustion  of  HMX  monopropellant.  The  resulting  non-linear  two-point  boundary  value 
problem  was  solved  by  Newton’s  method  and  adaptive  gridding  techniques.  In  this  study,  the 
burning  rate  was  computed  as  an  eigenvalue,  which  removes  the  uncertainty  associated  with 
employing  evaporation  and  condensation  rate  laws  in  its  evaluation.  Self- deflagration  burn¬ 
ing  rates  were  computed  over  a  wide  range  of  ambient  pressures  and  were  shown  to  compare 
favourably  with  experimental  results.  Results  for  laser-a.ssisted  combustion  showed  a  distinct 
primary  and  secondary  flame  separated  by  a  dark  zone. 
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COMMENTS 


Mr.  Thomas  L.  Boggs,  Naval  Air  Warfare  Center  Weapons  Division,  China  Lake,  CA,  USA: 

You  showed  results  for  your  predictions  of  r=r(p)  to  100  atm  for  RDX  and  HMX.  Have  you 
made  predictions  to  higher  pressures?  If  not,  it  would  be  interesting  for  you  to  do  so  for  two 
reasons:  (1)  experimental  data  exist,  e.g.  r=r(p)  for  HMX  from  1  atm  to  50,000  psi,  and  (2) 
your  predictions  seem  to  start  to  deviate  from  experimental  data  at  approximately  80-100  atm. 

Authors’  Reply: 

We  have  carried  out  a  series  of  calculations  for  HMX  burn  rates  at  pressures  up  to  3,500  atm 
(Prasad,  Tanoff,  Smooke  and  Yetter,  “Modeling  the  Deflagration  of  HMX  at  High  Pressures,” 
33rd  JANNAF  Meeting,  Monterey,  CA,  1996).  Specifically,  by  replacing  the  ideal  gas  law  with 
a  Becker- Kistiakowski- Wilson  equation  of  state,  we  have  been  able  to  incorporate  real  gas 
effects  into  our  bum  rate  model.  For  pressures  in  the  500-1000  atm  range,  we  predict 
differences  up  to  20%  in  the  burn  rate  over  the  ideal  gas  model.  Agreement  with  the 
experimental  data  of  Atwood  and  Boggs  is  excellent  over  the  pressure  range  100-3500  atm. 
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A  COMPARISON  OF  SOLID  MONOPROPELLANT 
COMBUSTION  AND  MODELING 


M.  W.  Beckstead,  J.  E.  Davidson  and  Q.  Jing 

Brigham  Y  oung  University 
Provo,  Utah  USA 


ABSTRACT;  Many  of  the  ingredients  in  solid  propellants  bum  as  monopropellants.  This 
paper  focuses  on  the  combustion  characteristics  of  two  nitraminc  monopropellants,  RDX  and  HMX. 
Monopropellant  modeling  efforts  are  reviewed.  Early  models  describing  monopropellants  were 
primarily  based  on  global  kinetics.  Although  different  physical  pictures  were  assumed,  the 
calculated  burning  rates  of  most  of  the  models  were  very  reasonable,  compared  to  experimental 
data.  Because  of  the  agreement  many  authors  have  claimed  their  models  to  be  correct.  Other 
investigators  have  been  more  objective,  and  have  used  their  models  to  evaluate  more  detailed 
combustion  characteristics,  such  as  Gp,  flame  stand-off  distances,  etc.  More  recent  models  have 
been  based  on  much  more  detailed  kinetic  mechanisms,  and  more  detailed  modeling  of  the 
condensed  phase.  One  such  model  has  recently  been  developed  at  BYU,  building  on  the  pioneering 
work  of  Melius,  Yetter,  and  others.  The  model  has  been  applied  to  RDX  and  HMX,  comparing  the 
modeling  calculations  with  available  experimental  data.  The  agreement  is  very  reasonable  for 
burning  rate,  surface  temperature,  temperature  sensitivity,  temperature  profile,  major  species 
profiles  and  many  minor  species  profiles.  Both  experimental  data  and  modeling  calculations  show  a 
two  stage  flame  when  the  combustion  is  augmented  by  an  external  heat  flux.  A  single  stage  flame 
with  no  evidence  of  a  dark  zone  is  observed,  and  calculated,  for  normal  combustion. 


INTRODUCTION 

To  understand  the  mechanisms  of  solid  propellant  combustion,  it  is  important  to  understand  the 
fundamental  mechanisms  involved  in  the  combustion  of  monopropellants.  This  paper  will  focus  on 
the  combustion  characteristics  of  RDX  and  HMX  as  typical  solid  monopropellants  (some  examples 
will  also  refer  to  AP  and  nitroglycerin  or  double  base  binders).  As  a  monopropellant  bums  there  are 
complex  interactions  between  the  gas-phase  flame,  the  liquid  layer  on  the  surface  and  the  unreacted 
solid.  The  heat  released  in  the  flame  provides  a  heat  flux  to  the  surface.  This  energy  causes  the 
propellant  to  melt,  evaporate  and/or  decompose,  providing  a  flow  of  reacting  species  to  the  gas 
flame.  This  fuel  reacts,  providing  an  energy  flux  back  to  the  surface.  The  increase  in  heat  flux  to 
the  condensed  propellant  causes  an  increased  mass  flux  away  from  the  surface.  The  increased  mass 
flux  has  the  effect  of  "blowing"  the  gas-phase  reactions  away  from  the  surface  which  reduces  the 
heat  flux  to  the  surface.  Steady-state  deflagration  occurs  when  the  heat  flux  from  the  gas  flame  is  in 
balance  with  the  mass  flux  away  from  the  surface. 
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Combustion  of  a  monopropellant  can  be  broken  into  three  regions  (solid,  liquid-gas  two-phase 
region  and  the  gas  region)  as  illustrated  in  Figure  1.  Monopropellants  can  sublime  and/or 
decompose  while  in  their  solid  form,  but  the  rates  associated  with  these  processes  are  small 
compared  to  the  decomposition  and  evaporation  rates  after  the  propellant  has  melted.  For  other 
propellants,  it  is  disputed  whether  there  is  an  actual  phase  change  from  solid  to  liquid  but  rather 
rapid  solid  decomposition  to  liquid  and  gas-phase  species.^  Because  of  the  temperatures  and  rate 
involved,  it  is  difficult  to  find  experimental  values  for  AH^elt  literature.  The  two-phase 

(molten)  region  consists  of  liquid  and  gaseous  species  resulting  from  the  melting  and/or 
decomposition  of  the  solid  phase.  Apparently  there  can  be  several  parallel  steps  occurring  in  the 
molten  region,  some  exothermic  and  others  endothermic.  The  molten  phase  has  been  difficult  to 
understand  because  of  the  many  processes  occurring  and  the  gas  phase  molecules  generated.  At 
high  pressures  and  high  heat  fluxes,  the  bum  rate  is  sufficiently  fast  that  bubble  formation  appears 
to  be  less  important.” 


Figure  1.  Schematic  illustration  of  the  burning  zones  of  a  solid  monopropellant  (not  to  scale). 

The  division  between  the  two-phase  and  gas-phase  region  is  also  not  well  defined  due  to  chemical 
reactions,  bubbles,  and  condensed  material  being  convected  away  from  the  surface.  In  the  gas  phase 
region  of  a  monopropellant,  the  flame  is  essentially  premixed.  The  species  coming  from  the  surface 
react  with  each  other  and/or  decompose  to  form  other  species.  Thousands  of  reactions  involving 
hundreds  of  species  can  be  occurring  in  the  gas  flame.^  The  reactions  continue  until  equilibrium  is 
reached  at  the  final  flame  zone. 


MODELING  REVIEW 

The  evolution  of  steady-state  propellant  combustion  modeling  can  be  divided  into  three  general 
categories:  1)  models  based  on  global  kinetics;  2)  semi-global  models  based  on  some  finite  kinetic 
mechanism  in  either,  or  in  both  gas  and  condensed  phase;  and  finally  3)  multi-phase  models  with 
detailed  kinetic  mechanisms.  Naturally  some  models  will  overlap  two  of  the  categories.  The  global 
kinetics-type  models  typically  only  solve  an  energy  equation  using  a  flame  sheet  or  flame  stand-off 
distance  approach.  Semi-global  models  using  some  kind  of  finite  kinetic  mechanisms  have  usually 
(but  not  always)  relaxed  the  flame  sheet  assumption  replacing  it  with  a  distributed  energy  release 
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associated  with  solving  both  the  energy  and  species  equations.  The  most  recent  models  include 
detailed  reaction  mechanisms  in  the  gas  phase  coupled  with  a  detailed  reaction  mechanism 
describing  the  condensed  phase. 

Global  Kinetics-Type  Models 

For  the  global  kinetics-type  of  models,  the  combustion  processes  is  usually  described  by  a  one¬ 
dimensional  energy  equation  spanning  a  condensed  (generally  assumed  to  be  solid)  and  gas  region. 
The  species  equations  are  neglected  and  the  reactions  are  represented  by  heat  releases  at  both  the 
surface  and  at  a  flame,  approximated  at  some  flame  stand-off  distance  from  the  surface.  Beckstead 
and  McCarty  summarized  many  of  the  global  monopropellant  models  published  prior  to  1975^. 
Eleven  of  those  models  were  applied  to  AP  and  one  was  applied  to  both  AP  and  HMX.  All  of  the 
models  were  able  to  match  the  experimental  burning  rate  data  with  reasonable  accuracy  in  spite  of 
the  diverse  assumptions  relative  to  the  physical  picture  being  modeled.  As  a  result  most  researchers 
then  claimed  that  their  physical  model  was  ‘correct’  based  on  the  agreement.  In  all  of  the  models 
there  are  parameters  that  have  not  been  quantified  experimentally,  and  thus  these  parameters  must 
be  estimated.  These  parameters  thus  become  optimization  parameters,  ensuring  a  reasonable  fit  of 
the  data. 

In  1982  Miller^  reviewed  monopropellant  modeling  approaches  comparing  various  models  to  a 
generalized  approach.  He  observed  that  most  models  give  the  correct  burning  rate  and  pressure 
dependence,  but  not  necessarily  the  correct  temperature  sensitivity.  Again,  within  the  format  of 
using  some  form  of  an  energy  equation  there  is  enough  flexibility,  especially  with  unknown  kinetics 
constants,  that  the  burning  rate  characteristics  can  be  correctly  reproduced  using  a  variety  of 
different  physical  models.  In  1985  Gusachenko  and  Zarko^  published  a  book  reviewing  solid 
propellant  modeling.  Approximately  one  third  of  the  book  (117  references)  is  dedicated  to 
reviewing  homogeneous  materials  (monopropellants  for  the  context  of  this  paper),  with  specific 
applications  to  the  Russian  powder  N,  AP  and  nitramines  (RDX  and  HMX).  These  authors  also 
recognize  that  most  models  are  able  to  achieve  a  reasonable  fit  with  the  experimental  burning  rate 
data,  and  that  it  is  not  justifiable  to  claim  that  a  model  is  ‘physically  correct’  based  on  a  comparison 
with  burning  rate  data. 

Some  typical  global  kinetics-type  models  and  their  general  characteristics  are  summarized  in  Table 
1  (the  list  is  not  comprehensive,  but  is  representative).  Most  models  listed  in  Table  1  were  based  on 
a  form  of  the  energy  equation,  but  neglected  the  species  equation.  Most  also  modeled  the 
complexity  of  the  gas  phase  chemistry  with  a  simple  flame  sheet,  although  a  few  integrated  the  gas 
phase  equations.  The  Manelis/Strunin  model  assumed  that  the  condensed  phase  reactions  control 
the  burning  rate  rather  than  the  gas  phase.  Most  of  the  models  assumed  that  significant  reaction  and 
heat  release  occurs  in  both  the  gas  and  condensed  phase.  In  the  recent  work  of  Li  and  Williams, 
they  assume  that  evaporation  dominates  the  surface  process  and  that  there  is  an  inner  flame  at 
-1300  K  followed  by  a  dark  zone  (similar  to  the  BenRueven  model  discussed  in  the  following 
section).  The  dark  zone  and  iimer  flame  are  not  observed  experimentally. 

Again,  there  is  enough  flexibility  within  the  models  summarized  in  Table  1,  that  the  burning  rate 
characteristics  are  correctly  reproduced  using  a  variety  of  different  physical  models. 
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Semi-Global  Models 


As  computer  capabilities  have  increased,  models  have  abandoned  the  surface  reaction  and  flame 
sheet  assumptions  of  the  global-type  models,  and  kinetic  mechanisms  of  a  few  steps  began  to  be 
developed. 


Table  1 

Typical  Global-Kinetics  Models 


Yeai 

Researchers 

General  Assumptions  and/or  Results 

1971 

Manelis  & 
Strunin^ 

AP 

1 .  Assume  that  condensed  phase  is  ‘the’  controlling  step. 

2.  Develop  an  equation  for  Gp  but  no  results  are  presented. 

1971 

Beckstead, 
Derr  &  Price^ 

AP,  HMX 

1 .  For  AP,  75%  of  energy  release  occurs  in  surface  reaction. 

2.  Gp  is  calculated  and  compared  to  existing  data. 

3.  Apparently  first  monopropellant  model  for  HMX. 

1971 

Guirao  & 
William^ 

AP 

1 .  A  14  step  mechanism  which  is  reduced  to  a  one-step  gas 
reaction. 

2.  70%  of  surface  reaction  forms  final  products.  30%  forms  NH3 
andHC104. 

1975 

Sohn‘“ 

AP 

1 .  Develops  model  to  predict  pressure  deflagration  limit. 

2.  Claims  success. 

1976 

Beckstead  & 
McCarty^ 

HMX 

1 .  Determined  parameters  via  optimization  to  experimental  data. 

2.  Calculate  HMX  Gp 

1977 

Price,  Boggs  & 
Bradley^  ^ 

AP 

1 .  Integrate  gas  phase  for  2  parallel  reactions  (global  kinetics) 

2.  Include  the  species  equations  for  the  global  species. 

1977 

Strunin  & 
Manelis 

AP 

1.  Extend  their  previous  model  assuming  condensed  phase 
control. 

1979 

Price,  Boggs  & 
Derr*' 

AP,  HMX 

1 .  Compare  their  model  to  others’  results. 

2.  Compare  their  calculations  to  an  extended  set  of  data. 

1980 

Beckstead^"^ 

DB 

1 .  Studies  the  effect  of  propellant  energy  on  model  predictions. 

1981 

Miller  and 
Coffee'^ 

general 

1 .  They  conclude  that  most  1-D  models  cannot  correctly  predict 
all  combustion  characteristics 

1983 

Miller  and 
Coffee'^ 

general 

1 .  They  compare  several  modeling  approaches  to  data  for  5 
propellants,  concluding  that  one  must  compare  to  more  than  just 
the  burning  rate. 

1986 

Mitani  and 
Williams 

HMX 

1 .  HMX  model  similar  to  Guirao/Williams  AP  model,  but  with 
inner  flame  (dark  zone). 

2.  20  to  40  %  of  HMX  decomposed  in  the  condensed  phase. 

3.  They  get  reasonable  results  for  rate,  cjp,etc. 

1989 

Beckstead^  ^ 

AN,  AP, 
HMX,  DB 

1.  Same  assumptions  as  Beckstead  1971  except  for  DB.  The 
dark  zone  temperature  was  chosen  as  the  flame  temperature. 

1990 

Li,  Williams 
and  Margolis^^ 

RDXand 

HMX 

1 .  Based  on  1986  Mitani  and  Williams  model  but  using  AEA. 

2.  Assume  an  inner  flame  and  dark  zone. 

3.  Evaporation  in  RDX  is  99.9%  of  surface  process  (less  for 
HMX) 

4.  Predict  reasonable  values  of  rate,  Op,  Ts,  flame  standoffs,  etc. 
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BenReuven,  et  al.^®  included  an  in-depth  condensed  reaction  2one  in  their  modeling  of  RDX  and 
HMX.  They  assumed  that  decomposition  began  after  melting,  describing  it  by  a  single  first-order 
reaction.  The  gaseous  species  formed  by  this  reaction  were  assumed  dissolved  in  the  liquid,  thus 
bubble  formation  was  neglected.  Evaporation  was  calculated  using  a  Clausius- C lap eyron 
expression  assuming  vapor-liquid  equilibrium.  In  addition,  one  reaction  between  the  decomposition 
products  was  considered  in  the  gas  phase.  The  gas  phase  was  described  essentially  by  the  basic 
conservation  equations  with  the  Lewis  number  for  the  individual  species  and  the  mixture  assumed 
to  be  unity.  The  gas-phase  calculations  proceed  from  the  surface  until  all  the  RDX  vapor 
decomposes,  at  which  point  the  authors  assume  that  the  remaining  portion  of  the  flame  has  a 
negligible  effect  on  the  surface.  This  results  in  a  low  temperature  (~1000K)  inner  flame  that 
controls  the  burning  rate.  The  surface  temperature  and  bum  rate  are  determined  by  matching  the 
energy  gradient  and  evaporation  mass  flux  at  the  surface.  The  model  also  predicts  the  melt  layer 
thickness,  temperature  profile  and  the  species  profiles.  For  RDX,  the  model  accurately  predicted  the 
bum  rate  over  the  pressure  range  of  10-40  atm,  but  for  HMX~^  the  authors  had  to  specify  the  bum 
rate.  Based  on  the  HMX  model  results,  the  authors  speculate  that  bubble  formation  is  an  important 
factor  that  should  be  considered.  Major  contributions  of  BenReuven,  et.  al  are  the  inclusion  of  the 
in-depth  liquid  reaction  and  solving  the  gas  phase  species  equation,  for  their  semi-global 
mechanism.  Cohen,  et  al."^  updated  the  chemistry  of  BenReuven's  HMX  model  (but  it  was  still 
global)  and  the  model  was  able  to  match  experimental  bum  rates. 

Bizot  and  Beckstead  modeled  double  base^^  and  HMX""*  propellants  by  dividing  the  combustion 
process  into  two  regions  (condensed  and  gas).  In  both  regions,  their  reactions  were  semi-global  and 
the  products  were  not  specified.  They  neglected  mass  diffusion,  phase  changes,  and  assumed 
constant  properties.  But  even  with  such  a  simple  model,  the  calculations  agreed  fairly  well  with 
experimental  data  for  bum  rate,  surface  temperature,  and  dark  zone  length.  The  authors  conclude 
that  the  only  way  to  match  experimental  data  is  to  adjust  kinetic  parameters  and/or  use  a  more 
complex  mechanism.  While  more  correlative  than  predictive,  this  model  gives  sufficiently  realistic 
characteristics  that  it  has  been  incorporated  in  models  of  multidimensional,  unsteady  combustion  in 
rocket  motors."^ 

Li  and  Williams^^  have  recently  extended  their  previous  model  to  include  a  15  step  near  surface, 
kinetic  mechanism.  They  then  reduce  the  mechanism  to  a  single  global  step  as  in  their  previous 
models,  but  no  results  are  presented. 


Development  of  Multi-Phase  Models  with  Detailed  Kinetic  Mechanisms 

Models  utilizing  elementary  step  mechanisms  are  summarized  in  Table  2,  Again  the  list  is 
representative,  but  not  completely  comprehensive.  In  1982,  Korobeinichev,  et  al.“^  measured 
concentration  profiles  in  perchloric  acid/methane  flames.  They  proposed  an  18-step  mechanism  for 
this  system.  In  subsequent  work,  Ermolin,  Korobeinichev,  et  al.,^  measured  concentration  profiles 
for  AP  and  proposed  an  elementary  mechanism  composed  of  80  steps  and  24  species.  They 
modeled  the  gaseous  flame  conservation  equations,  but,  neglected  heat  and  mass  diffusion.  The 
agreement  between  the  model  and  their  experimental  data  was  fair,  and  their  model  indicated  which 
reactions  needed  further  review.  In  1984“^,  they  included  thermal  and  mass  diffusion  in  their 
equations  and  concluded  that  thermal  and  mass  diffusion  play  an  important  role  in  the  overall  flame 
structure.  They  then  developed  a  90  step  mechanism  for  RDX  combustion  and  were  able  to  match 
their  experimental  species  profiles  to  within  10%  at  0.5  atm.'^  They  have  neglected  any  condensed- 
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phase  interaction  other  than  assuming  the  feed  concentrations  going  into  their  gas -phase  model 
came  from  the  decomposition  of  the  monopropellant,  either  AP  or  RDX. 


Table  2 

Elementary  Step  Mechanisms  for  Monopropellant  Combustion. 


Year 

Researchers 

Ingredient 

#of 

rxns 

Comments 

1969 

Jacobs  & 
Pearson^^ 

AP 

19 

17 

Only  gave  a  possible  kinetic  path  but  no  kinetic 
constants  nor  actual  calculations. 

1971 

Guirao  & 
Williams^ 

AP 

19 

14 

Developed  a  global  one-step  expression  from 
calculations  made  with  a  14-step  mechanism 
under  iso-thermal  conditions. 

1972 

Korobienichev, 

etal?' 

AP 

Assume  NH3  +  HCIO4  at  the  surface  and  a  2 
step  gas  phase  mechanism 

1984 

Ermolin  et  al.“^ 

AP 

24 

80 

Qualitative  agreement  with  mass  spec,  data  at 
0.58  atm 

1984 

Narahari  et 
al.^^ 

AP 

14 

17 

Linked  condensed  phase  to  14  step  mechanism 

1990 

Sahu  et  al.^^ 

AP 

18 

22 

CIO,  a  species  considered  by  many  to  be 
important  is  not  included.  Some  rate  constants 
are  not  reasonable. 

1992 

Cohen^'^ 

AP 

35 

136 

Reviewed  several  AP  mechanisms  and  proposes 
his  own,  but  does  not  provide  rate  constants  for 
several  important  reactions. 

1986 

Hatch^^ 

NG 

21 

60 

Predicts  dark  zone  for  double  base  application 

1995 

Anderson  et 
al,3‘ 

Double 

Base 

41 

189 

■  Mechanism  for  predicting  the  chemistry  of  the 
dark  zone  (1-30  atm) 

1986 

Ermolin  et  al.^^ 

RDX 

23 

90 

Mechanism  produced  reasonable  agreement 
with  experiment  at  0.5  atm. 

1987 

Hatch” 

HMX 

25 

77 

Assumed  HMX  decomposed  to  CH2O,  NO2, 

N2O  and  HCN  in  condensed  phase. 

1990 

RDX 

38 

158 

Calculated  properties  and  kinetics  from  BAC- 
MP4 

1994 

Li& 

Williams^^ 

RDX 

15 

Describe  a  primary  flame  mechanism  but  do  not 
provide  any  rate  constants. 

1995 

Yetter  et  al.'’^ 

RDX 

45 

232 

Improvements  on  Melius  Mechanism 

In  1986,  Hatch^^  developed  a  model  for  NG^inder  combustion  similar  to  the  BenReuven  model  for 
RDX.  Three  major  differences  between  the  models  were:  1)  the  gas  was  assumed  to  form  voids  in 
the  liquid,  thus,  allowing  it  to  react;  2)  a  60  step  gas  phase  mechanism  was  developed;  and  3)  the 
gas-phase  calculations  proceed  to  the  final  flame  products.  Although  the  model  failed  to  accurately 
predict  experimentally  determined  bum  rates,  sensitivity  analysis  indicated  which  parameters  were 
affecting  the  bum  rate  significantly.  His  model  did  predict  a  dark  zone,  characteristic  of  NG  (and 
double  base  propellant)  combustion. 
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Hatch  also  applied  his  model  to  but  again  failed  to  match  bum  rate  measurements 

quantitatively.  Hatch's  major  contribution  to  the  modeling  effort  was  allowing  for  the  formation  of 
voids  (or  bubbles)  in  an  invisid  liquid/two-phase  region.  With  this  assumption  the  liquid  and  gas 
velocities  can  then  be  calculated  by  dividing  the  mass  burning  rate  by  the  individual  densities.  This 
leads  to  void  velocities  a  couple  orders  of  magnitude  higher  than  the  liquid  velocity.  The  other 
extreme  is  to  assume  that  the  gas  and  liquid  have  equal  velocities. 

Margolis  and  Williams"^^  studied  the  two-phase  flow  in  burning  solids,  focusing  their  attention  on 
the  reacting  melt  layer.  Their  model  considered  two  species,  a  liquid  reactant  and  a  gaseous  product, 
taking  into  account  the  momentum  equation  with  viscous  terms,  surface  tension  and  pressure 
gradient  effects.  They  concluded  that  the  void  velocity  will  be  in  excess  of  the  liquid  velocity 
though  it  is  unclear  as  to  what  extent. 

Melius,  et  al  developed  an  approach  to  calculate  thermodynamic  properties  and  reaction  rate 
constants  for  the  decomposition  of  RDX  vapor  and  for  other  intermediate  decomposition  products, 
Based  on  this  work,  he  proposed  a  158  step  mechanism  involving  38  species  to  describe  the  ignition 
of  RDX^^.  The  model  consisted  of  a  simple  condensed  model  supplying  the  cold  boundary 
conditions  to  the  PREMIX  code.  He  allowed  for  one  decomposition  reaction  and  an 
evaporation/condensation  relation  at  the  surface.  The  model  under  predicted  the  bum  rate  and 
surface  temperature  at  1  and  20  atmospheres.  The  burning  rate  was  largely  controlled  by  the  net 
flux  between  the  evaporation  and  condensation  which  becomes  the  difference  between  two  very 
large  numbers,  neither  of  which  is  known  very  accurately.  Many  improvements  have  been  made  to 
the  original  Melius  RDX  mechanism,  primarily  by  Yetter,  Dryer,  et  al.'^®.  Their  changes  to  the 
RDX  mechanism  have  greatly  improved  its  predictive  power.  The  mechanism  is  still  being 
improved  and  currently  has  approximately  230  reactions  and  45  species."^^ 


MOST  RECENT  PROPELLANT  COMBUSTION  MODELS 

Recently,  three  models  (Liau  and  Yang"^,  Prasad,  Smooke  and  Yetter"^^,  and  Davidson  and 
Beckstead"^^'"^^)  have  been  developed  for  the  one-dimensional  steady-state  combustion  of  RDX. 
These  models  solve  the  basic  conservation  equations  in  the  three  regions,  neglecting  mass  diffusion 
in  the  condensed  regions  and  the  radiation  term  in  the  energy  equation.  There  has  been  a  lot  of 
communication  and  sharing  of  ideas  between  the  three  modeling  groups  and  between  modelers  and 
those  doing  experiments.  This  has  resulted  in  unprecedented  agreement  between  experiment  and 
model  predictions  for  a  wide  variety  of  conditions.  These  models  use  an  improved  Melius/Yetter 
RDX  mechanism^^  in  the  gas  region  and  a  global  mechanism  proposed  by  Brill  for  the  liquid 
region.  The  method  of  numerical  convergence  differs  between  the  three  models  but  these 
differences  will  not  be  discussed. 

The  models  divide  the  combustion  process  into  three  regions:  solid,  melt  layer  (liquid  and  gas)  and 
gas.  In  the  solid  region,  it  is  assumed  that  the  propellant  does  not  decompose,  and  only  the  energy 
equation  is  solved  for  this  region  with  boundary  conditions  of  a  known  initial  temperature  and  a 
known  melt  temperature  at  the  soliddiquid  interface. 

As  in  most  model mass  diffusion  is  neglected  in  the  two-phase  region.  Both  the  Davidson- 
Beckstead  and  the  Liau-Yang  models  include  the  gas  phase  in  the  two-phase  region  as  a  void 
fraction  following  the  approach  of  Hatctf^.  Yang  and  Liau  developed  an  expression  based  on  the 
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kinetic  theory  of  gases  at  low  pressure  to  describe  the  evaporation-condensation  of  RDX  inside  the 
bubbles  and  at  the  burning  surface,  which  has  also  been  incorporated  into  the  Davidson-Beckstead 
model.  The  Prasad-Smooke  model  assumes  that  all  the  decomposition  products  produced  in  the 
liquid  remain  dissolved  in  the  liquid,  thus  neglecting  sub-surface  evaporation.  This  greatly 
simplifies  the  equations  describing  the  two-phase  region,  allowing  them  to  solve  the  liquid  region 
simultaneously  with  the  gas  region.  One  additional  constraint  is  required  to  close  the  system  of 
equations.  The  Davidson-Beckstead  and  the  Liau-Yang  models  use  a  vapor  pressure  relationship 
which  allows  the  surface  temperature  and  surface  void  fraction  to  be  predicted.  In  the  Prasad- 
Smooke  model,  the  surface  temperature  is  specified.  When  this  temperature  is  reached,  any 
remaining  liquid  is  mathematically  vaporized.  Thus  their  model  does  not  predict  a  surface 
temperature  a  priori.  The  surface  temperature  and  mass  flux  fractions  serve  as  boundary  conditions 
for  the  gas  region. 

The  gas  region  equations  are  solved  using  a  modified  version  of  PREMIX.  The  correct  burning  rate 
will  satisfy  the  energy  balance  at  the  two-phase/gas  interface  including  the  heat  flux  from  the  gas 
phase  flame  plus  any  additional  energy  from  a  laser. 


COMPARISON  OF  RECENT  MODELS  WITH  TYPICAL  COMBUSTION  DATA 

The  three  models  have  been  applied  to  RDX  and  show  reasonable  agreement  with  much  of  the 
experimental  data  available.  The  Davidson-Beckstead  model  has  also  been  applied  to  HMX'^^  by 
converting  the  stoichiometric  coefficients  and  thermophysical  properties  used  for  RDX  to  the 
appropriate  HMX  values.  Only  a  few  figures  comparing  experimental  results  with  predictions  for 
RDX  and  HMX  from  the  Davidson-Beckstead  model  are  included  here.  Figure  2  shows  bum  rate  as 
a  function  of  pressure,  comparing  several  sources  of  experimental  to  the  model.  The 

difference  in  burning  rate  between  RDX  and  HMX  (both  experimental  and  theoretical)  is  essentially 
within  the  data  scatter. 


Figure  2.  Comparison  of  experimental  and  theoretical  RDX  and  HMX  burning  rate  versus  pressure. 
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Figure  3  contains  the  RDX  temperature  sensitivity  data  by  Atwood compared  to  calculated  values 
by  the  three  models.  It  is  significant  to  note  that  even  though  all  three  models  use  the  same  gas 
phase  mechanism,  their  predicted  temperature  sensitivity  is  somewhat  different.  The  Davidson- 
Beckstead  and  Prasad-Smooke  models  are  the  correct  magnitude,  but  the  Liau-Yang  model  over 
predicts  the  Gp  value  by  a  factor  of  ~2.  It  appears  that  the  sensitivity  of  the  bum  rate  to  initial 
temperature  is  quite  dependent  on  the  condensed  phase  reaction.  The  differences  in  the  calculated 
Gp  values  would  then  be  attributed  to  the  differences  in  the  modeling  of  the  condensed  phase 
between  the  three  models. 
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Figure  3.  A  Comparison  of  Experimental  and  Theoretical  RDX  Temperature  Sensitivity 

Five  experimental  studies  measuring  the  surface  temperature  of  were  found  in  the 

literature,  but  only  one  comprehensive  study  of  RDX^^.  The  scatter  of  the  data,  especially  between 
investigators  is  discouraging.  Normalizing  the  data  (the  different  investigators  used  different 
techniques)  gives  values  of  ±100-150°.  Most  of  the  measurements  were  made  at  relatively  low 
pressures  due  to  the  difficulty  in  obtaining  data  at  pressures  above  -10-20  atm.  The  lower 
temperature  data  appear  to  be  more  consistent,  and  most  of  the  higher  temperatures  were  reported 
by  Mitani.  Extrapolating  his  data  to  pressures  of  interest  (-60  atm)  results  in  temperatures  well 
over  1 000°K,  which  is  considered  to  be  unrealistic.  Neglecting  his  data  the  remainder  still  show 
scatter  of  ±70-90°.  Thus,  comparing  modeling  results  with  surface  temperature  data  is  somewhat 
less  than  satisfactory,  due  to  the  uncertainty  of  the  data. 

Zenin  measured  both  RDX  and  HMX  surface  temperatures,  and  his  data  appeared  to  be  consistent. 
Also,  he  made  measurements  up  to  very  high  pressures.  Thus,  the  model  has  been  compared  with 
Zenin’s  data  in  Figure  4.  Within  the  scatter  of  the  data,  the  agreement  is  very  reasonable.  If  the 
other  data  were  included  in  the  plot,  it  becomes  very  confusing  due  to  the  excessive  scatter,  so  they 
have  been  excluded. 

At  one  atm  the  calculated  HMX  surface  temperature  of  634°K  is  40°  greater  than  that  of  RDX,  and 
at  1 00  atm  it  is  27°  greater,  in  spite  of  the  fact  that  the  burning  rates  are  essentially  the  same.  The 
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increased  surface  temperature  of  HMX  is  due  to  a  combination  of  increased  melting  temperature 
and  reduced  vapor  pressure  of  the  HMX.  The  melting  temperatures  of  the  two  compounds  are 
indicated  in  the  figure.  At  one  atm  the  surface  temperatures  are  116°  and  78°  higher  than  the 
melting  temperatures  of  RDX  and  HMX,  respectively. 

RDX  melt  layer  thickness  were  calculated  to  be  -170  jam  at  1  atm  and  ~5jim  at  100  atm.  For  HMX 
the  values  were  70  and  5  for  the  same  pressures.  These  values  are  within  reason  compared  to 
values  measured  by  Zenin.  These  predictions  for  surface  temperature  and  melt  layer  thickness 
showed  better  agreement  with  Zenin’s  data  than  those  values  predicted  by  the  Liau-Yang  model. 
The  authors  attribute  the  better  agreement  to  their  choice  of  RDX  liquid  physical  properties  which 
dominate  these  two  combustion  characteristics. 


Figure  4.  Experimental  and  Calculated  Surface  Temperatures  for  HMX  and  RDX. 


COMPARISONS  WITH  SPECIES  AND  TEMPERATURE  PROFILES  DATA 

To  quantitatively  verify  a  model,  the  flame  structure  (species  and  temperature  profiles)  needs  to  be 
known.  Litzinger,  et  Brewster,  et  al.^^  and  Parr  and  Hanson-Parr^^’^^^  have  used  mass 

spectrometers  and  UV- Visible  absorption  measurements  to  quantify  the  gas  phase  flame  structure  of 
RDX.  Kuo,  et  al.^^’^^  and  Brill'^^  have  focused  on  the  initial  decomposition  mechanism  and  melt 
region  of  RDX  using  mass  spectrometry  and  T-Jump  experiments.  Using  thermocouples  Zenin^^ 
measured  temperature  profiles,  surface  temperature,  and  melt  layer  thicknesses  of  both  RDX  and 
HMX.  Examples  of  experimental  data  available  for  monopropellant  model  validation  for  several 
energetic  materials  is  summarized  in  Table  3. 

Parr  has  shown  that  the  RDX  flame  extends  only  about  1  mm  from  the  burning  surface  (at  1  atm), 
whereas  the  HMX  flame  extends  between  2  to  3  mm,  and  neither  show  a  dark  zone  nor  a  plateau  of 
any  kind  in  the  temperature  profile.  This  is  significant  as  it  invalidates  assumptions  made  by 
BenReuven  et  al.  and  by  Li,  et  al.,  that  there  should  be  an  inner  flame  which  controls  the  burning 
rate.  This  observation  also  indicates  that  experimental  measurements  at  one  atm  will  be  very 
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difficult  due  to  the  very  small  diagnostic  space  available.  Therefore,  Litzinger,  et  al.  and  Parr,  et.  al 
imposed  a  laser  heat  flux  on  the  burning  propellant  surface  to  spread  out  the  reaction  zone.  With  the 
added  heat  flux  a  two-stage  flame  developed  similar  to  that  seen  in  double  base  combustion.  At  that 
time  none  of  the  models  were  modeling  a  laser  flux  or  seeing  a  dark  zone.  To  validate  the  models 
with  experimental  data,  the  effect  of  the  laser  flux  on  the  bum  rate  had  to  be  included  within  the 
models.  As  shown  in  Figure  5,  the  models  are  now  able  to  predict  the  two-stage  flame  stmcture 
observed  experimentally  for  the  laser  assisted  conditions. 


Table  3 

Examples  of  experimental  data  available  for  model  validation.  pC(species)  are  concentrations) 


Researchers 

Type  of  Data 

Comments 

Ermolin  et  al.^ 

AP 

X(H20,  HCl,  O2,  HCIO4,  CI2, 
ClOH,  NO,  NO2,  N2O,  CIO2) 

0.5  atm 

Brewster  & 
Schroeder^^ 

ROX 

Ts,  r^  (laser) 

Ermolin,  et 

al.25 

RDX 

X(CO,  HNCO,  NO2,  HCN, 

CO2,  N2O,  H20,N0,N2,  H2) 

0.5  atm.  Species 
concentrations  do  not 
approach  equilibrium  values. 

Zenin” 

HMX,  RDX 

T(x),i>,,T5;,/meltt 

1-90  atm 

Parr  &  Hanson- 

Parr«o.6i,62 

RDX,  HMX, 
XM39,HNF 

T(x),  X(NO,  CN,  OH,  NH, 

NO2,  H2CO),  rhflaser) 

With  and  without  laser 
augmentation  at  1  atm. 

Litzinger  et 

58,59,60 

RDX,  HMX, 
XM39,  M43 

T(x),  XCHjO,  HCN,  CO,  N2, 
NO2,  CO2,  H2,  N2O,  CH2O, 

NO)  rh(laser) 

With  high  laser  flux,  atomic 
balance  not  closed. 

Boggs'-’^ 

HMX,  AP 

th(P t  T^Tiit) 

Atwood^* 

RDX 

t>)(P >  Ti-nit) 

Brill‘s 

RDX,  HMX 

Relative  initial  decomposition 
specie  concentrations. 

Limited  number  of  species.  1 
atm. 

It  is  significant  to  note  that  a  dark  zone  is  not  observed  experimentally  unless  there  is  additional 
heat  flux.  The  models  are  in  agreement,  in  that  they  only  calculate  the  two  stage  flame  for 
conditions  with  laser  augmentation.  With  no  additional  heat  flux,  the  calculated  and  observed 
temperature  profiles  do  not  show  a  dark  zone.  Those  results  have  been  presented  previously.^’'*^’'^^ 
For  both  RDX  and  HMX  the  final  flame  temperature  and  specie  concentrations  (of  N2,  CO2,  H2O, 
etc.)  agree  with  those  calculated  by  thermo  chemical  equilibrium  codes  (NASA-Lewis,  Edwards) 
over  the  range  of  pressures  to  within  a  percent. 

Figure  6  shows  the  calculated  species  concentration  profiles  corresponding  to  the  laser  assisted 
tests,  demonstrating  the  relationship  between  the  formation  and  destmetion  of  NO  and  the  dark 
zone.  Experimentally  determined  species  concentration  profiles  at  low  pressures  as  a  function  of 
distance  from  the  burning  surface  are  also  available  for  comparison  (See  Table  3).  Most  of  this  data 
was  taken  under  laser-assisted  combustion  conditions.  Some  of  the  experimental  species  data  do  not 
approach  equilibrium  flame  values  (i.e.  Ermolin,  et  al.);  some  of  the  data  fail  to  close  elemental 
balances  (Litzinger,  et  al.  );  and  some  of  the  data  differ  from  one  experiment  to  another,  but  all  can 
be  used  to  indicate  the  strengths  and  weaknesses  in  the  model.  For  the  species  CN,  HCN,  OH,  N2O, 
CO,  CO2,  H2  and  NH,  there  is  very  reasonable  agreement  between  experiment  and  model.  The 
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agreement  is  poor  for  some  of  the  key  intermediate  species.  The  model  over  predicts  the 
experimental  NO  concentration  by  approximately  40%  and  under  predicts  the  NO2  by  over  80%  for 
both  RDX  and  for  HMX.  There  are  many  steps  within  the  kinetic  mechanism  that  involve  NO  and 
NO2.  It  is  apparent  that  the  kinetic  parameters  affecting  these  two  species  need  review. 


Figure  5.  RDX  at  I  atm  under  laser  assisted  combustion  conditions. 


Figure  6.  RDX  dark  zone  under  laser  assisted  conditions  (1  atm) 
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SUMMARY  AND  CONCLUSIONS 


Modeling  solid  monopropellants  has  been  divided  into  three  categories;  global  models,  semi-global 
models  and  models  based  on  detailed  kinetics.  Global  kinetics-type  of  models  are  able  to  match  the 
experimental  burning  rate  data  with  reasonable  accuracy  in  spite  of  the  diverse  assumptions  relative 
to  the  physical  picture  being  modeled.  This  is  due  to  the  fact  that  the  models  are  usually  based  on 
some  form  of  the  energy  equation  which  gives  the  model  a  reasonable  functional  form.  Also,  all  of 
the  models  contain  uncertain  parameters  that  arc  estimated  from  known  data,  thus  becoming 
optimization  parameters.  Some  researchers  have  naively  claimed  that  their  physical  model  was 
‘correct’  based  on  their  agreement  with  burning  rate  data.  Other  investigators  have  been  more 
objective,  and  have  used  their  models  to  evaluate  more  detailed  combustion  characteristics,  such  as 
Qp,  flame  stand-off  distances,  etc. 

Semi-global  models  evolved,  based  on  simplified  kinetic  schemes  involving  more  that  one  step 
global  models,  presumably  including  the  most  important  steps  or  species.  These  models  have  been 
compared  to  more  detailed  combustion  data  contributing  to  the  overall  understanding.  However, 
they  have  also  been  very  dependent  on  having  prior  knowledge  of  the  results. 

The  most  recent  models  include  detailed  reaction  mechanisms  in  the  gas  phase  coupled  with  a 
detailed  reaction  mechanism  describing  the  condensed  phase.  These  models  are  not  only  able  to 
predict  burning  rate,  Gp,  surface  temperature,  and  melt  thickness,  but  they  also  can  calculate 
temperature  and  species  profiles  through  the  reaction  zone,  identifying  dominant  steps  in  the 
mechanism  and  important  species.  These  models  will  be  very  valuable  in  interacting  with 
researchers  doing  experimental  work  to  aid  in  interpreting  the  more  advanced  experimental 
measurements. 

The  current  model  has  been  used  to  describe  the  combustion  of  RDX  and  HMX  showing  the 
excellent  agreement  with  experimental  burning  rate  data,  (jp  data,  measured  temperature  profiles 
and  species  profiles  for  data  taken  with  and  without  laser  augmentation.  However,  there  are  still 
some  discrepancies  in  temperature  sensitivity  and  certain  species  concentration  profiles,  specifically 
with  NO2  and  NO.  Some  of  these  discrepancies  might  be  attributed  to  experimental  eiror  but  others 
are  apparently  the  result  of  erroneous  model  inputs. 
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MODELING  AND  NUMERICAL  SIMULATION  OF  PHYSICOCHEMICAL  PROCESSES 
OCCURRING  IN  THE  TWO-PHASE  FOAM  LAYER  OF  BURNING  RDX 


Kenneth  IC  Kuo,  Yeu-Cherng  Lu,  and  Yang-Sheng  Tseng 
Department  of  Mechanical  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16802,  USA 


ABSTRACT:  The  two-phase  phenomena  in  the  surface  region  of  RDX  could  have  significant  effects  on 
low-pressure  burning  rate  and  ignition  behavior  of  RDX-based  propellants.  A  model  describing  the 
physicochemical  processes  occurring  in  the  two-phase  foam  layer  of  burning  RDX  was  developed.  An 
analysis  based  upon  Lagrangian  formulation,  incorporating  vaporization,  heat  transfer,  and  gas-phase 
chemical  reactions  was  applied  to  a  single  bubble  in  the  two-phase  region.  A  multi-bubble  analysis  was 
also  developed  using  a  statistical  treatment  of  families  of  single  bubbles.  The  results  of  the  single  bubble 
simulation  indicate  pronounced  vaporization  of  RDX  in  the  foam  layer;  however,  very  little 
decomposition  of  RDX  occurs  in  the  gas  bubbles  even  though  the  growth  of  the  bubbles  is  significant, 
and  the  gas  bubble  temperature  is  largely  governed  by  the  surrounding  liquid  temperature. 


INTRODUCTION 

During  combustion,  RDX  develops  a  complex  flame  structure,  involving  a  gas-phase  flame  zone  and  a 
two-phase  foam  layer  which  is  formed  on  the  surface  of  the  solid  RDX.  An  overall  depiction  of  the 
structure  of  a  burning  RDX  monopropellant,  fi’om  Kuo  et  al.  [1],  is  provided  in  Fig.  1.  The  solid  RDX 
first  liquefies  and  then  bubbles  begin  to  nucleate  in  the  liquid  layer.  The  existence  of  a  molten  foam  zone 
on  the  surface  of  burning  RDX  has  been  observed  in  several  research  studies.  A  micrograph,  from 
Wilson  et  al.  [2]  is  provided  in  Fig.  2.  This  micrograph  of  a  recovered  XM39  composite  propellant 
containing  76%  RDX  clearly  shows  bubbles  have  nucleated  in  the  liquid. 

Most  of  the  earlier  models  of  RDX  combustion  did  not  incorporate  any  detailed  two-phase  analysis  of 
the  foam  zone,  except  the  model  of  Li  et  al.  [3],  which  offered  a  simplified  treatment  of  this  layer.  The 
physicochemical  processes  occurring  in  the  foam  layer  are  of  interest  because  heat  release  in  the  foam 
layer  could  play  an  important  role  in  the  ignition  and  combustion  behavior  of  RDX.  The  recent  model 
developed  by  Kuo  and  Lu  [4]  provided  very  detailed  analysis  of  the  surface  foam  layer.  In  a  parallel 
work,  team  members  Liau  and  Yang  [5]  solved  a  simplified  version  of  this  model,  with  the  consideration 
of  void  fi'actions  in  the  surface  reaction  zone  and  bypassed  detailed  treatment  of  bubble  dynamics.  The 
major  objectives  of  this  work  are  (1)  to  solve  a  portion  of  the  comprehensive  model  developed  by  Kuo 
and  Lu  for  simulating  the  physicochemical  processes  associated  with  a  single  bubble  in  the  foam  layer, 
and  (2)  to  extend  the  single  bubble  analysis  to  a  statistical  description  of  multi-bubble  phenomena  in  the 
two-phase  foam  layer.  This  model  can  be  further  incorporated  into  a  comprehensive  model  of  propellant 
combustion  in  the  near  future.  Figure  3  shows  the  model  development  process  for  prediction  of  flame 
structure  and  ignition  behavior  of  energetic  materials. 
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Figure  2.  A  typical  micrograph  showing  bubble  formation  on  the  surface  of  XM39  propellant 


Figure  3.  Model  development  process  for  prediction  of  flame  structure  and  ignition  behavior  of 

energetic  materials 


In  this  work,  the  single  bubble  analysis  considered  the  time  history  of  a  gas  bubble  from  its  formation  to 
the  instant  prior  to  its  bursting  at  the  top  of  the  foam  layer  based  on  the  Lagrangian  formulation.  A 
simplified  chemical  reaction  scheme  was  adopted  to  describe  the  reactions  occurring  inside  the  gas 
bubble.  The  extension  of  the  single  bubble  analysis  to  a  multiple  bubble  description  of  the  two  phase  foam 
layer  was  accomplished  using  statistical  methods.  The  mathematical  expressions  for  area-averaged 
properties  at  any  specified  distance  from  the  burning  surface  were  derived  for  the  purpose  of  coupling 
with  solutions  from  comprehensive  flame  structure  models.  [5] 


SINGLE  BUBBLE  ANALYSIS 

The  model  used  in  this  study  is  a  simplification  of  Kuo  and  Lu's  model.  From  an  order-of-magnitude 
analysis,  the  buoyancy  force  was  found  to  be  much  smaller  than  the  drag  force  acting  on  the  bubble. 
Thus,  the  bubble  can  be  considered  stationary  and  free  to  grow  while  the  burning  surface  is  regressing 
downward.  Under  this  assumption,  the  formulation  simplifies  to  a  set  of  ordinary  differential  equations, 
greatly  reducing  the  amount  of  computational  time  required. 

The  characteristics  of  a  single  gas  bubble  are  modeled  from  its  nucleation  until  the  top  surface  of  the 
foam  layer  is  reached.  Nucleation  of  the  gas  bubble  is  assumed  to  occur  at  the  instant  the  vapor  pressure 
of  RDX  is  equal  to  the  ambient  pressure.  The  characteristics  of  the  gas  bubble  that  are  determined  by  this 
model  include  the  time  variations  of  the  gas  temperature,  bubble  diameter,  gas  density,  species 
concentrations  inside  the  bubble,  and  heat  released  by  chemical  reactions  in  the  gas  bubble. 

The  governing  equations  are  derived  from  the  first  principles  of  mass,  energy,  and  species  conservation 
using  control  volume  analysis.  The  basic  assumptions  of  this  model  are: 

1 .  Due  to  the  relatively  low  temperature  of  the  liquid  in  the  foam  layer,  the  liquid  consists  of  pure 
RDX  with  no  chemical  reactions. 

2.  For  the  same  reason,  no  heterogeneous  chemical  reactions  occur  on  the  liquid-bubble  boundaries. 

3.  No  dissolved  chemical  species  exist  in  the  liquid  phase,  since  the  foam  layer  behavior  is  associated 
only  with  ignition  or  low-pressure  combustion  processes. 
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4.  The  shape  of  the  bubble  is  considered  to  be  spherical. 

5.  Dufour  and  Soret  effects  are  negligibly  small. 

As  mentioned  above,  the  bubble  is  stationary  inside  the  foam  zone  and  the  surface  regression  is 
considered  to  be  the  only  cause  of  the  relative  motion  of  the  bubble  with  respect  to  the  melt  front  and 
burning  surface.  Figure  4  summarizes  all  the  physicochemical  processes  considered  for  the  bubble. 


Figure  4.  Physicochemical  processes  considered  in  single  bubble  analysis 


The  rate  of  mass  production  of  the  ith  species  due  to  gas-phase  chemical  reactions  is  equal  to 
(Ti/6)Dg^cjg^"’,  where  is  the  mass  production  of  the  ith  species  per  unit  volume.  The  rate  of 
liquid-to-gas  conversion  can  be  written  as  DB^p,(r^g)g,  where  (r^^  is  the  rate  of  adv^cement  of  the 
liquid-gas  interface.  The  heat  transfer  between  the  liquid  and  bubble  is  written  as  DB^h5(Ti-Tg). 


The  rate  of  energy  accumulation  inside  the  gas  bubble  is  then  equal  to  the  sum  of  rate  of  enthalpy  increase 
due  to  vaporization  of  liquid  RDX  at  the  interface  and  the  rate  of  heat  transfer  from  liquid  to  gas  by 
convection.  Therefore,  the  energy  equation  can  be  written  in  the  following  form 


-,DIPA 


T,) 


(1) 


In  the  above  equation,  the  specific  enthalpy  of  the  gaseous  mixture  inside  the  gas  bubble,  h^  is 
defined  as 


Under  the  assumption  of  no  dissolved  gas  spedes  in  the  liquid,  the  continuity  equation  can  be  written  as: 


=  ('■/-,  )s 


(3) 


The  species  conservation  equation  for  the  ith  species  in  the  bubble  is 


K 


dIpJ,., 


(4) 


where  is  equal  to  one  for  RDX  and  zero  for  all  other  species,  since  100%  of  the  gaseous  species 
generated  from  the  liquid-bubble  interface  is  RDX  vapor.  The  summation  of  mass  fractions  of  all  gaseous 
species  in  the  bubble  is  unity,  i.e., 
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(5) 


1=1 

The  equation  of  state  is 


H  y 

p  =  pRTy^ 


The  liquid-to-gas  conversion  rate  in  Eqs.  (1),  (3)  and  (4)  is  given  by 


i-g 


W. 


RDX 


2nRT 


yiPv  -^rdxPk) 


(6) 


(7) 


where  Wjy^x  the  molecular  weight  of  RDX,  T|  the  interface  temperature,  the  vapor  pressure  of 

RDX,  p„  the  ambient  pressure,  and  fraction  of  RDX  inside  the  bubble. 

The  convective  heat  transfer  coefficient  can  be  determined  using  the  Nusselt  number  definition 


(8) 


The  Nusselt  number  used  in  this  model  is  that  of  a  sphere  in  a  quiescent  condition,  which  gives 

Nu^2  (9) 

therefore. 


(10) 


The  mass  production  rate  of  the  ith  species  due  to  chemical  reactions,  is  determined  by  the  molar 
concentrations  of  the  gas  species,  Cj,  and  the  rate  constants  of  the  chemical  reactions,  Iq.  Each  of  the 
chemical  reactions  can  be  represented  by  the  following  symbolic  form, 

«=1  i=l 


where  v/  and  v"  represent  the  stoichiometric  coefficients  of  the  reactants  and  products,  respectively,  and 
Mj  represents  the  ith  species.  The  mass  production  rate  of  the  ith  species  can  now  be  written  as 


i=l  ;=1 


(11) 


where  M  is  the  total  number  of  chemical  reactions.  In  this  model,  there  are  three  reactions  considered: 
two  RDX  decomposition  reactions  and  one  gas-phase  reaction.  The  reaction  mechanism  suggested  by 
Brill  and  Brush  [6]  and  kinetic  data  from  Melius  [7]  were  adopted  to  describe  RDX  decomposition.  The 
global  kinetic  rates  from  BenReuven  et  al.  [8]  were  adopted  to  describe  reactions  between  NO2  and 
CH2O.  These  reaaions  were  utilized  successfully  in  a  nitramine  propellant  ignition  study  conducted  by 
Huang  et  al.  [9]  The  chemical  reactions  are  as  follows: 
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-1,318.4  J/g-RDX 


(Rl) 


RDX, 


U) 


RDX, 


ii) 


-» 3/fCM.^  +  -  m.,  +  -  ^’O, 
2  ">  2 


(f) 


2U) 


^62.6  J/g-RDX 


(R2) 


+-CH,0, 


y  2'-^(f )  7  y  '■•S-'  y 

The  general  form  of  the  reaction  rate  constants  k  follows  the  Arrhenius  form 


(^) 


3 

’2(^)  y 


'(1) 


‘2^Cf) 


ir  =  ^  exp - 

RJ. 


(12) 


where  E,  is  the  activation  energy  of  chemical  reactions  and  A  is  the  frequency  factor.  The  values  of  E, 
and  A  for  the  three  reactions  considered  in  this  model  are  given  in  Table  1. 

TABLE  1 

Chemical  Reaction  Rate  Constants 


A 

I 

i 

Ref. 

Rl 

ixlO^^  sec  ‘ 

36.0  Kcal/gmole 

7 

R2 

2x10'*  sec'' 

43.0  Kcal/pnoie 

7 

R3 

IxlO'^  cm^  graole*'  sec*' 

19.0  Kcal/gmole 

S 

Based  upon  the  above  reactions,  nine  chemical  species  were  considered  in  the  gas  bubble.  These  species 
are:  RDX,  CH2O,  N2O,  HCN,  NO,  NO2,  H2O,  CO2,  and  CO. 


The  single  bubble  model  was  solved  using  a  fbmfri-order  Rjunge-Kutta  method.  Combustion  pressure  was 
specified  as  an  input  to  the  program.  Other  parameters  that  are  input  include  the  initial  diameter  of  a 
nucleated  bubble,  Ae  melting  temperature  of  RDX,  and  a  realistic  temperature  profile  of  the  liquid  in  the 
foam  layer.  The  time  variations  of  key  parameters  (including  bubble  diameter,  bubble  temperature,  gas 
density,  and  mass  fractions  of  various  chemical  species)  were  solved  on  computer  by  numerical 
integration  of  the  differential  equations.  A  set  of  sample  input  data  and  results  is  included  in  the  Results 
and  Discussion  section. 


MULTI-BUBBLE  ANALYSIS 


The  single  bubble  analysis  was  extended  using  statistical  method  for  describing  multiple-bubble 
phenomena.  In  the  multi-bubble  analysis,  the  number  of  nucleation  sites  at  the  nucleation  plane  can  be 
determined  experimentally  or  obtmned  from  literature.  An  example  for  the  number  of  nucleation  sites 
per  unit  volume  per  unit  time  (defined  as  J)  is  given  by  the  following  expression  [10]. 


16;rcr^ 

[rnns) 

(13) 


where  N  is  the  number  density  of  the  liquid  molecules,  a  the  surface  tension,  k  the  Boltzmann  constant, 
m  the  mass  of  one  liquid  molecule,  p^  the  vapor  pressure  of  RDX  at  temperature  T,  p„  the  pressure  in 
the  liquid  at  the  nucleation  plane,  and  B  an  empirical  constant.  The  radius  of  the  nucleated  bubble  is 
given  by 
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20- 


(14) 


r  - - 

Ps  P 

If  the  sizes  of  nucleated  bubbles  are  assumed  to  follow  a  normal  distribution  function  (e.g.  Gaussian  or 
Upper  Limit),  the  number  of  bubbles  of  each  distinct  size  family  that  nucleate  per  unit  time,  can  be 
c^culated.  The  sum  of  all  for  the  total  number  of  size  families  (K)  should  be  equal  to  J,  determined 
from  Eq.  (13). 

Consider  a  given  bubble  as  it  travels  through  the  x  =  X  plane.  In  order  for  this  bubble  to  be  intersected 
by  the  X-plane,  it  must  be  located  between  the  two  extreme  cases  denoted  in  Fig.  5.  When  the  center 
of  the  bubble  reaches  x^  the  top  edge  of  the  bubble  just  intersects  the  horizontal  plane.  When  the 
center  of  the  bubble  reaches  the  bottom  edge  of  the  bubble  just  about  to  depart  the  horizontal 
plane.  For  any  bubble  located  between  these  two  extreme  cases,  the  bubble  is  intersected  by  the  x  =  X 
plane. 


Figure  5.  Illustration  of  plane  intersection  of  a  bubble  as  it  travels  between 
two  extreme  locations 


From  the  single  bubble  analysis,  the  time  history  of  the  bubble  [Db(0.  x(t)]  is  known.  Therefore,  the 
amount  of  time  (tj  required  for  the  bubble  to  travel  from  its  nucleation  station  to  x^  „„„  location  and  the 
time  (t2)  required  to  travel  from  its  nucleation  station  to  x^  are  known.  If  these  two  time  periods  are 
subtracted,  a  time  period  At  is  obtained. 

(15) 

This  time  period  represents  the  time  interval  during  which  the  bubble  will  be  intersected  by  the  x  ~  X 
plane.  Additionally,  this  time  period  also  represents  the  time  period  during  which  all  bubbles  of  the  same 
family  formed  will  be  intersected  by  the  same  plane.  Knowing  the  bubble  travel  time  (t^)  and  the 
interaction  time  interval  (At2i ),  it  is  possible  to  relate  any  bubble  in  the  foam  layer  to  its  nucleation  time. 
The  probability  of  bubble  formation  at  a  given  axial  location  normal  to  the  foam  layer  can  then  be 
described  by  a  counting  process. 

Let  us  consider  the  nucleation  of  one  bubble.  This  process  can  be  modeled  statistically  as  a  counting 
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process,  where  M(t)  represents  the  total  number  of  events  that  have  occurred  up  to  time  t.  A  counting 
process  must  satisfy  the  following  conditions: 

1.  M(t)^0; 

2.  M(t)  is  an  integer; 

3 .  If  s<t,  then  M(t)  ^ M(s);  and 

4.  For  s<t,  M(t)-M(s)  is  the  number  of  events  that  have  occurred  in  the  interval  (s,  t]  up  to  and 
including  time  t. 


Condition  (1)  means  that  the  process  can  nevo’  have  a  negative  number  of  events  at  any  time  t.  Condition 
(2)  means  that  the  process  occurs  in  discrete  steps,  not  continuously.  In  oth^  words,  a  bubble  forms 
instantly,  so  that  there  will  never  be  a  fraction  of  a  bubble  at  any  time  t.  Condition  (3)  means  that  the 
number  of  events  that  have  occurred  never  decreases  with  increasing  time.  Condition  (4)  implies  that 
if  the  number  of  events  that  have  occurred  is  known  at  two  times,  the  number  of  events  that  have 
occurred  between  these  two  times  is  simply  the  differ^ce  between  the  two  values.  In  the  following 
derivation,  the  bubble  nucleation  process  is  assumed  to  satisfy  all  of  these  conditions.  Therefore,  bubble 
nucleation  can  be  modeled  as  a  counting  process. 


The  nucleation  of  bubbles  can  be  modeled  statistically  as  a  Poisson  process,  a  common  type  of  counting 
process  [11].  A  Poisson  process  must  satisfy  the  following  conditions: 

1.  M(0)=0 

2.  The  process  has  independent  time  increments 

3.  The  number  of  events  in  any  interval  of  length  t  is  Poisson  distributed  with  the  expected  value 
equal  to  Xt,  where  X  is  defined  as  the  rate  of  the  process 

These  conditions  imply  that  (1)  the  process  be^ns  at  time  zero  with  no  events  having  occurred,  (2) 
events  that  occur  in  one  time  interval  do  not  influence  the  events  that  occur  in  a  different  time  period, 
and  (3)  the  exp^ed  value  of  the  process  is  equal  to  the  rate  multiplied  by  the  time  period.  Once  ag^n, 
the  bubble  nucleation  process  is  assumed  to  satisfy  these  conditions. 


According  to  the  Poisson  process,  the  probability  of  an  event  occurring  in  a  time  interval  between  (t+s) 
and  (s)  is 


P|A/(/  +  5)  -  M{s)  =  m}  =  exp(-y^) 


(dfT 


(16) 


where  m  -  0,  1,2,  ....  Therefore,  the  probability  that  one  bubble  of  the  kth  family  forms  over  the  time 
interval  At  is 


F{M(A/)=1}  =  Aj^A/cxp(-XjjAr)  (17) 

If  one  is  interested  in  the  number  of  bubbles  which  interact  wdth  x  =  X  plane,  it  is  useful  to  consider  the 
number  of  bubbles  formed  during  the  time  interval  of  At2i,  regardless  of  the  absolute  ages  of  this  group 
of  bubbles .  The  total  number  of  bubbles  (Nj)  of  the  kth  family  formed  during  the  time  int^al  of  At2i, 
which  will  intersect  the  x  =  X  plane  with  an  area  of  A,  can  be  calculated  as 


(IS) 

where  S  is  the  number  of  nucleation  sites  at  the  nucleation  plane  per  unit  area.  Since  there  arc  different 
initial  bubble  sizes,  each  with  different  interaction  times,  Atji  will  be  different  for  each  bubble  family. 

To  determine  the  area  averaged  diameter  of  the  intersected  bubbles,  the  average  cross-sectional  area  of 
each  bubble  family  at  the  x  -  X  plane  must  be  calculated.  Assuming  that  the  bubbles  of  each  family  are 
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randomly  distributed  across  the  x  =  X  plane,  an  average  diameter  can  then  be  calculated  from  a 
geometric  relationship  based  upon  the  Pythagorean  theorem: 

D^(,X)  =  ^^ - 4 - ^ -  (19) 

^Bmtx  '^5  min 


The  average  cross-sectional  area  for  the  kth  bubble  at  the  x  =  X  plane  can  then  be  calculated  as 

A{X)  =  ^Di{X)  (20) 

and  the  total  cross-sectional  area  intercepted  by  the  x  =  X  plane  due  to  bubble  family  k  is 

01) 


The  void  fraction  ^  at  the  chosen  X-plane  can  then  be  determined  from 

AT 


total  area  occupied  by  gas  phase  materials 
cross  sectional  area  of  the  foam  layer 


A 


(22) 


where  \  is  total  cross  sectional  area  of  the  bubble  family  k,  and  K  is  total  number  of  bubble  families.  The 
area  averaged  gas  density  (pg )  can  then  be  calculated  from 


P.  = 


mass  of  gas  phase  material  _  Pi  ^  Pi  Pk  ^ 


volume  occupied  by  gas  phase  material 


I  A,^dx+...+l 


^"“1.  dx 


—  i=l 


ZL 


*  ...i.  _ 

zL 


(23) 


where  pj,  is  the  calculated  gas  density  of  the  kth  family  bubble  from  single  bubble  analysis,  and  Ax  is  the 
thickness  of  the  x-level.  Similar  expressions  to  Eq.  (23)  can  be  obtained  for  area-averaged  mass  fraction 
and  area-averaged  gas-phase  temperature.  The  average  temperature  in  the  foam  layer  can  be  given  by 


These  area-averaged  quantities  can  be  utilized  to  interface  the  multi-bubble  analysis  with  comprehensive 
numencal  solution  of  the  companion  study  of  Liau  and  Yang  [5]. 


RESULTS  AND  DISCUSSION 

A  set  of  sample  results  from  the  single-bubble  analysis  is  provided  in  Figs.  6-11.  These  plots  show  the 
time  variation  of  several  important  parameters  including:  bubble  diameter,  bubble  temperature,  gas 
density,  and  mass  fractions  of  various  chemical  species.  The  input  parameters  used  to  generate  these 
results  are  summarized  in  Table  2. 
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TABLE  2 
Input  Parameters 


Parameter 

Value 

Pressure 

Liquid  Temperature  Profile 
Initial  Bubble  Diameter 

RDX  melting  temperature 

5  ATM 

632.84  K 

2  microns 

477  K 

From  the  single  bubble  results,  several  major  observations  are  summarized  below: 

1 .  Similar  to  the  physical  situation  observed  by  Wilson  et  al.  [2],  the  model  predicts  a  large  amount 
of  bubble  growth  at  low  pressures. 

2.  The  amount  of  decomposition  of  RDX  is  quite  small  due  to  the  relatively  low  temp^ature  of  the 
gaseous  mixture  inside  the  bubble. 

3.  The  gas-phase  reaction  (R3)  between  CH2O  and  NO2  is  negligible  inside  the  bubble  for  the 
conditions  considered,  as  evidenced  by  the  low  mass  fractions  of  CO  and  C02  inside  the  bubble. 
This  is  due  to  the  relatively  low  temperature  of  the  gaseous  mixture  made  the  bubble  and  the  low 
concentrations  of  decomposition  products  CH2O  and  NOj  inside  the  bubble. 

4.  Due  to  effective  heat  transfer  between  the  liquid  and  gas  bubble,  the  gas  bubble  temperature  is 
largely  governed  by  the  liquid  t^perature.  This  implies  that  for  RDX-based  composite 
propellants,  if  the  RDX  liquid  can  react  exothermically  with  the  binder  melt  in  the  foam  layer  of 
a  burning  propellant,  the  gas-phase  reactions  inside  the  bubble  can  eaaly  be  triggered  by  these 
exothermic  reactions.  Conversely,  if  the  RDX  liquid  and  binder  melt  react  endothermically,  the 
gas-phase  reaction  in  the  bubbles  can  be  suppressed. 


SUMMARY 

A  detailed  model  of  the  physicochemical  processes  occurring  in  the  two-phase  foam  layer  of  burning 
RDX  monopropellant  has  been  developed.  This  model  considers  the  time  history  of  one  bubble  from  its 
nucleation  to  the  instant  prior  to  its  bursting  at  the  top  surface  of  the  foam  layer.  The  single  bubble 
model  has  been  solved  numerically  and  extended  to  describe  multi-bubble  phenomena  using  a  statistical 
treatment  of  families  of  single  bubbles.  The  multiple-bubble  model  is  being  solved  numerically  and  will 
be  incorporated  into  a  comprehensive  model  of  RDX  combustion  in  the  near  future. 

The  modeling  approach  developed  in  this  work  could  also  be  applied  to  other  energetic  materials,  besides 
RDX.  With  limited  modification,  this  detailed  foam  layer  analysis  can  be  extended  for  prediction  of 
nitramine  based  composite  propellants.  Additionally,  the  complicated  surface  burning  phenomena  of 
liquid  propellants  (e.g.  XM46)  could  be  treated  with  this  approach. 
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Time  (ms) 

Figure  10.  Mass  fractions  of  various  species 


NOJvffiNCXATURE 


A  Arrhenius  factor 

B  Eu^^cal  cemstant 

Cl  Specific  heal  of  liqi^  [Q/(MT)] 

Cp^i  Specific  heat  ctf  ith  spec^  [Q/(MT)] 

Q  Molar  concentr^OT  [N/L^] 

Vs  Diameter  of  gas  la^lc  [L] 

£a  Actwatiem  energy  [Q/N] 

AvCTage  conveettem  he^  transfer  co^dent 

[QftL^TI 

hg  EiUhalpy  of  gas  mixture  inside 

[Q/M] 

J  Total  bubble  nucle^cm  rate  [1/tL^] 

Nucleatton  rare  of  kth  buttle  ^mily  [  1/tL^] 
k  Thermal  coxnhictivity  of  gas  mixture 
[Q/tLT] 

kj  Chemical  reactioa  mt  constant  [(N/L^)’  '®/t] 

K  Number  of  bubble  Emilies 

M  Number  of  chemical  reactions 

N  Number  of  chemical  spedes 

Nk  Nui^jcr  of  bubbles  in  the  kth  fiunily 
pv  Vapor  pressure  [FA.^] 

Ambient  pressure  [FA.^] 

{n.s)B  Liquid-lo-gas  regression  rate  [IVt] 

Tg  Gas  tmnpcrature  [T] 

Tj  Liquid  tenqjerature  [T] 

r  Bubble  radius  [L] 

Universal  gas  constant  [QA^TT] 
t  Time  [t] 

IT,  Molecular  weight  of  ith  spedes  [M/N] 

Yi  Mass  fiaction  of  die  ith  ^icdes 


Gr^  Symbols 

Fraction  of  ith  spon^  v^onzing  at 
imm&oe 

jA  ■  j  oi  formation,  ^>edes  i  [(^Ml 

At  Time  intmval  [t] 

^  Vdd  fraction 

y  Stiddx^  cMffidem 

A  Rate  ctfPoisson  process  [lA] 

Pg  Gas  demity  indde  bubMe  [MA,^] 

Pi  liquid  density  [MA,^] 

cr  Sm&»  tensi<m  [FAl 

Vi  Stoichimnetric  oieffid^t 

Kate  of  g^phase  chemical  reactions 
[MAL^l 

Dimensiofi  Symbols 

F  Force 

L  Length 

M  Mass 

N  Mole 

Q  Heat 

t  Time 

T  Temperature 

Overbars  represent  averagoi  properti^ 
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NONLINEAR  TRANSIENT  BURNING  OF  COMPOSITE  PROPELLANTS: 
THE  EFFECT  OF  SOLID  PHASE  REACTIONS 


Jeroen  Louwers  and  Guy  M.H.J.L.  Gadiot 

TNO  Prins  Maurits  Laboratory,  P.O.  Box  45,  2280  AA  Rijswijk,  The  Netherlands 


ABSTRACT:  The  phenomenon  of  transient  burning  of  solid  propellants  is  a  topic  which  still 
contains  a  large  number  of  questions.  In  this  paper  the  transient  burning  of  AP  composite 
propellants  is  calculated  within  the  QSHOD  approach  (Quasi  Steady  gas  phase,  Homogeneous 
One-Dimensional  condensed  phase).  This  paper  focuses  on  the  effect  of  the  condensed  phase 
on  the  transient  burning  of  solid  propellants  by  showing  the  effect  of  temperature  dependent 
thermal  properties,  phase  transitions  and  chemical  reactions  in  the  solid  phase.  Nonlinear  effects 
are  conserved,  as  governing  equations  are  solved  numerically. 
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NOMENCLATURE 


frequency  factor  [1  /s] 
specific  heat  [J /kgK] 
activation  energy  [J/mole] 
thermal  conductivity  [W/mK] 
integer  0,  1,  2,  . . . 
pressure  [Pa] 
heat  release  [J/kg] 
universal  gas  constant  [J/molK] 
pressure  driven  response  function 
propellant  regression  rate  [m/s] 
temperature  [K] 
time  [s] 

space  coordinate  [m] 
thermal  diffusivity  [m^/s] 


t  heat  release  rate  [W/m^] 
p  density  [kg/m^] 

T  nondimensional  time 

Subscripts  and  superscripts: 

c  condensed  phase 

g  gas  phase 

m  melting  of  AP 

s  surface 

tra  crystallographic  transition  of  AP 
0  initial 

+  on  the  positive  side  of 
—  on  the  negative  side  of 


INTRODUCTION 


In  the  past  a  lot  of  effort  has  been  put  into  the  development  of  models  for  transient  burning 
of  solid  propellants.  With  the  exception  of  a  few  models,  most  models  share  the  same  basic 
assumptions,  of  which  the  most  important  are:  homogeneous  propellant,  quasi-steady  gas  phase 
and  neglection  of  solid  phase  reactions.  Several  researchers  suggested  that  the  existing  models 
could  be  improved  by  accounting  for  the  chemical  reactions  in  the  solid  phase  [1]  [2].  For  this 
reason,  an  extended  model  for  the  solid  phase  of  ammonium  perchlorate  (AP)  composites  was 
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developed  within  the  flame  description  approach,  similar  to  the  transient  burning  models  de¬ 
veloped  by  DeLuca  and  coworkers  [3].  The  model  presented  here,  accounts  for  the  solid  phase 
reactions,  the  melting  of  AP  and  the  crystalline  transformation  of  an  orthorhombic  to  a  cubic 
state  of  AP.  The  latter  causes  an  abrupt  change  of  thermal  properties  at  the  transitions. 


THE  MODEL 


Fig.  1  shows  the  model  considered.  Deep  in  the  propellant  solid  phase,  the  propellant  has  its 
initial  temperature  Tq.  Due  to  the  conductive  heating  by  the  gas  phase,  and  chemical  reactions 
in  the  solid,  the  temperature  in  the  solid  increases  up  to  the  surface  temperature  Ts-  At  the 
surface  gasification  of  the  solid  takes  place.  Above  the  surface,  the  decomposition  products  of 
oxidizer  and  fuel  react,  until  the  gases  reach  the  flame  temperature  Tj. 

When  the  condensed  phase  is  assumed  to  move  with  the  burning  rate  rj,  to  the  right,  the  surface 
will  remain  at  a  fixed  position  (x  =  0).  For  this  situation  the  energy  equation  of  the  condensed 
phase  is  given  by  the  following  parabolic  partial  differential  equation  [3]: 


'dT 

dT 

d 

\  dT]  ^  , 

It 

+  rj,— 
ox 

dx 

kc~^  +  Qc^c[T)  ,  for  —  CO  <  X  <  0 
Ox 

where  Cc  is  the  heat  capacity  of  the  condensed  phase,  pc  is  the  density  of  the  condensed  phase, 
kc  is  the  thermal  conductivity  of  the  propellant,  T  is  the  temperature,  t  and  x  are  the  time  and 
space  coordinate  respectively,  and  Qc^c  is  the  heat  release  distribution  due  to  chemical  reactions 
in  the  solid  phase.  The  regression  rate  is  calculated  from  a  zero-th  order  Arrhenius  law.  This 
equation  is  nonlinear  because  of  the  terms  ri^dTfdx,  and  Qc^c{T). 


Figure  1.  Schematic  of  the  temperature  distribution  in  an  AP-propellant. 


On  the  cold  boundary  side,  x  —  oo,  the  boundary  condition  is  given  by 

T[x  — oo,t)  =  To  (2) 

From  an  energy  balance  at  the  burning  surface,  the  boundary  condition  at  x  =  0  is  found 


(3) 


where  qg^s  is  the  heat  flux  from  the  gaseous  phase  to  the  surface  of  the  propellant.  At  the 
surface,  heat  is  released  which  is  described  by  the  term  Qs.  In  most  models  the  surface  heat 
release  accounts  for  the  total  heat  released  in  the  condensed  phase  which  is  then  assumed  to  be 
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collapsed  at  the  surface.  This  allows  for  simple  calculations,  because  this  term  does  not  appear 
in  the  energy  equation  but  in  its  boundary  conditions.  In  the  model  presented  here,  the  surface 
heat  release  Qs-,  and  the  condensed  phase  heat  release  Qc  are  considered  both. 

Because  of  the  presence  of  AP  in  the  solid,  two  phase  transitions  take  place.  The  first  one 
is  a  crystallographic  transition  (at  x  =  ^fra)  and  the  second  one  is  the  melting  of  AP  (at 
X  =  Xm)-  These  transitions  require  energy,  and  act  as  heat  sinks  in  the  solid  phase  [Qtra  and 
Qm  respectively). 

Apart  from  the  phase  transitions,  the  temperature  dependence  of  the  thermal  conductivity  and 
heat  capacity  is  also  accounted  for.  The  thermal  conductivity  of  AP,  e.g.,  is  reduced  by  a  factor 
of  three  during  the  transition  from  orthorhombic  to  cubic  AP  as  is  illustrated  by  Fig.  2.  The 
temperature  dependent  thermal  properties  used  for  the  calculations  were  obtained  from  Ref.  [4]. 
The  gas  phase  is  considered  to  be  quasi-steady,  which  holds  for  low  frequencies  and  low  pressure. 
The  heat  feedback  from  the  gaseous  phase  to  the  condensed  phase  (%,s)  is  calculated  using  the 
Q/?7-model  with  a  =  0,  /?  =  1,  and  7  =  0, 1,2, . . .  [3].  It  is  assumed  further  that  this  conductive 
heat  transport  is  only  pressure  dependent.  From  these  assumptions  it  becomes  clear  that  the 
gas  phase  is  modelled  very  crude,  however,  it  is  the  objective  of  this  study  to  analyze  the  effects 
of  the  processes  in  the  condensed  phase  on  the  transient  burning. 


Temperature,  T  [K] 


Figure  2.  Thermal  conductivity  of  a  typical  nonaluminized  AP-propellant. 


The  heat  release  distribution  function  tc  may  be  assumed  to  be  exponentially  dependent  on  the 
temperature  in  the  condensed  phase 

QMT)  =  (4) 

where  Ec  is  the  activation  energy  of  the  condensed  phase  reactions,  R  is  the  universal  gas  con¬ 
stant,  and  the  pre-exponentional  factor  can  be  deduced  from  the  normalization  condition  [3] 

0 

I  t,{T{x))dx  =  1  (5) 

—  00 

The  thermophysical  properties  of  the  propellant  considered  are  given  in  Table  1. 


NUMERICAL  SOLUTION 

The  equations  are  solved  numerically  by  the  use  of  an  implicit  finite  difference  method  similar 
to  that  as  described  in  Ref.  [5].  In  essence  this  is  a  modified  Crank- Nicholson  method,  with  an 
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TABLE  1 

Properties  of  the  AP:HTPB  86:14  propellant  used  as  reference  propellant. 
All  heat  releases  positive  if  exothermic. 


Symbol 

Value 

Unit 

AP  weight  fraction 

86 

% 

AP  crystalline  transition  temperature 

Ttra 

513 

K 

AP  melting  temperature 

Tm 

723 

K 

Condensed  phase  density 

Pc 

1.630 

g/cm^ 

Gas  specific  heat 

^9 

0.33 

cal/g  K 

Gas  thermal  conductivity 

kg 

o 

o 

1 

cal/cm  s  K 

Q:/?7-flame  model  parameters 

a 

0 

- 

P 

0 

- 

7 

0, 1,2,3,... 

- 

Surface  pyrolysis  pressure  exponent 

Ug 

0 

- 

Surface  pyrolysis  activation  energy 

Es 

21000 

cal/mole 

Initial  sample  temperature 

Ta 

300 

K 

Reference  pressure 

Pref 

0.1013 

MPa 

Steady-state  burning  rate 

h 

1.074 

cm/s 

Steady-state  surface  temperature 

fs 

945.2 

K 

Adiabatic  flame  temperature 

Ti 

2763  • 

K 

improved  stability  of  the  time  derivative  by  a  weighted  average  of  the  points  next  to  the  point  to 
be  solved.  Because  of  the  steep  gradients  near  the  burning  surface,  and  the  very  slowly  varying 
temperature  near  the  cold  end,  a  scale  transformation  was  applied.  This  transformation  enlarges 
intervals  near  the  surface,  and  intervals  far  away  from  the  surface  are  reduced. 

The  finite  difference  equations  were  implemented  in  a  FQRTRAN-77  computer  program.  This 
program  first  calculates  the  steady-state  solution,  which  serves  as  a  starting  point  for  the  tran¬ 
sient  calculations.  This  steady  solution  is  then  perturbed  by  a  prescribed  time  dependent  (e.g. 
sinusoidal)  pressure  disturbance. 

Unless  noted  otherwise,  all  calculations  are  performed  at  a  pressure  of  1.0  MPa. 


RESULTS 


Steady  State  Burning 


Because  of  the  dependence  of  the  thermophysical  properties  on  the  temperature,  the  steady- 
state  temperature  distribution  in  the  condensed  phase  is  different  from  the  analytical  solution 
of  Eq.(l)  which  holds  for  constant  thermal  properties,  see  Fig. 3.  Because  of  the  lower  thermal 
conductivity  of  the  propellant  at  higher  temperatures,  less  energy  is  conducted  away  from  the 
surface,  resulting  in  a  steeper  temperature  profile  in  the  condensed  phase.  When  the  latent  heats 
of  the  phase  transitions  are  introduced  the  profile  becomes  steeper,  because  of  the  condition 


\k^] 

■  or 

OX 

^=^tra 

^dx 

T  “^bQtra 


(6) 


at  the  crystallographic  transition  point,  and  analogous  at  the  melting  point.  The  melting  heat 
of  AP  was  not  found  in  the  open  literature,  and  is  approximated  by  that  of  potassium  per¬ 
chlorate  [6].  The  location  of  the  crystallographic  transition  is  found  to  be  13  ^m  below  the 
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surface,  which  agrees  well  with  experiments  of  AP  composite  propellants,  which  yielded  a  value 
of  18  yum  [4j. 


Distance,  x  [pm] 

Figure  3.  Steady-state  temperature  profile  in  the  condensed  phase  for  several  situations. 
Transient  Burning 

In  order  to  be  able  to  calculate  the  transient  burning  of  a  solid  rocket  propellant,  it  is  necessary 
that  the  propellant  parameters  are  known  accurately.  The  value  of  the  total  subsurface  heat 
release  by  chemical  reactions  {Qs  +  Qc)  is  a  quantity  which  is  difficult  to  measure.  It  was 
shown  that  the  surface  heat  release  is  a  very  sensitive  parameter  for  steady  state  burning  [7], 
as  well  as  for  transient  burning  for  which  this  sensitivity  can  be  shown  easily  by  linearized 
calculations.  For  these  linearized  calculations  the  maximum  of  the  pressure  driven  response 
function  is  increased  by  a  factor  2.5,  when  the  surface  heat  release  is  increased  from  100  to 
125  cal/g  [3].  It  will  be  shown  here  that  apart  from  the  value  of  the  total  heat  release  in  the 
condensed  phase,  the  distribution  of  this  heat  release  is  also  an  important  aspect. 

To  verify  the  effect  of  the  distribution  of  condensed  phase  reactions  on  the  transient  burning 
of  solid  propellants,  the  response  of  the  propellant  on  a  pressurization  was  calculated.  The 
calculations  started  from  a  steady  state  at  t  =  0,  followed  by  an  increase  in  pressure  according 
to 

p(r)  =  p  +  Ap  (l  -  e“’’)  (7) 

where  r  is  the  nondimensional  time,  defined  as  r  =  flirt j  =  ^/('^c/^fe,re/)-  For  these  calculations 
p  =  Ap  =  1  MPa.  The  total  heat  released  by  chemical  reactions  is  assumed  to  be  150  cal/g.  This 
value  is  somewhat  larger  than  the  realistic  values  (100. . .  125  cal/g),  but  was  chosen  because  it 
clearly  demonstrates  the  effect  of  the  different  distributions. 

Fig. 4  contains  several  typical  results.  Curve  1  shows  the  fluctuating  surface  temperature  for  a 
propellant  with  all  the  chemical  reactions  collapsed  to  the  surface  [Qs  ^  0,  Qc  =  0)*  Curve  2  is 
obtained  from  calculations  with  all  chemical  reactivity  in  the  condensed  phase  [Qs  =  0,  Qc  7^  0). 
For  these  calculations  a  high  activation  energy  has  been  used  (28.9  kcal/mole,  according  to 
Ref.  [8]),  i.e.  the  heat  is  released  in  a  thin  layer  close  to  the  surface,  and  falls  to  exponentially 
small  values,  even  at  short  distances  from  the  surface.  As  expected  for  this  high  value  of 
the  activation  energy  the  response  is  similar,  showing  a  damped  response.  This  shape  can  be 
attributed  to  the  increase  in  burning  rate  during  the  increase  in  pressure.  At  higher  burning  rates 
the  thermal  zone  in  the  condensed  phase  is  smaller.  Because  the  temperature  distribution  is  in  its 
steady  state  at  t  =  0,  the  layer  is  too  thick  during  the  transition.  Thus  a  preheated  zone  exists, 
which  burns  away  fast  (the  maximum  in  the  response).  After  this  period  almost  no  thermal 
layer  exists,  and  it  takes  time  to  build  a  new  thermal  layer  by  heat  conduction  from  the  gaseous 
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phase  (minimuin  in  the  response).  Note  that  the  response  of  the  propellant  resembles  a  typical 
response  of  an  underdamped  second  order  mass-spring-dashpot  system  on  a  step  response.  This 
analogy  can  be  shown  by  approximation  of  the  partial  differential  equation  (1)  by  an  ordinary 
differential  equation  [3].  Finally,  curve  3  shows  the  results  of  calculations  with  a  much  lower 
activation  energy  of  10  kcal/mole.  Because  the  reaction  rate  is  less  temperature  sensitive  for  the 
low  activation  energy  situation,  the  heat  is  released  more  gradually  in  the  subsurface  zone,  this 
results  in  a  broader  thermal  zone. 

The  three  responses  show  that  even  for  a  narrow  chemical  zone,  the  approximation  of  this 
zone  by  a  heat  release  at  the  surface  is  not  correct  (difference  between  curves  1  and  2).  For 
real  propellants  the  reaction  zone  is  spatially  distributed  over  a  wider  thermal  layer,  which 
exhibits  a  different  response.  These  calculations  illustrate  that  the  transient  burning  of  solid 
rocket  propellants  is  largely  affected  by  a  spatial  distribution  of  the  heat  release  due  to  chemical 
reactions. 


Figure  4.  Surface  temperature  transient  during  an  exponentional  increase  of  pressure  for  several 
different  condensed  phase  heat  release  distributions;  1.  surface  reactions,  2.  condensed  phase 
reactions,  high  activation  energy,  3.  condensed  phase  reactions,  low  activation  energy. 


For  different  perturbing  signals  the  response  of  the  three  situations  mentioned  above  might  be 
reversed.  This  is  because  the  response  of  the  system  is  a  function  of  the  spectrum  of  the  applied 
signal.  The  effect  of  the  frequency  on  the  response  of  the  propellant  is  expressed  by  the  response 
function.  In  the  next  section  these  response  functions  will  be  discussed.  From  these  results  it 
will  become  clear  that  the  response  of  the  propellant  to  an  external  disturbance  is  frequency 
dependent,  and  that  the  response  is  therefore  dependent  on  the  perturbing  signal. 


Response  Functions 


From  the  transient  calculations  the  response  function  of  the  propellant  can  be  calculated.  The 
pressure  driven  response  function  is  computed  by  perturbing  the  steady  state  with  a  sinusoidal 
fluctuating  pressure,  with  an  amplitude  of  10%  of  it  mean  value.  After  a  few  cycles  a  situation 
of  dynamic  equilibrium  develops.  Fig.  5  is  an  example  of  such  a  calculation.  The  relative  change 
in  burning  rate,  rj,,  during  this  equilibrium  divided  by  the  relative  change  in  pressure  defines  the 
pressure  coupled  response  function,  according  to: 


Rj)  = 


p'lP 


(8) 


To  verify  the  numerical  calculations  under  limit  conditions,  a  comparison  has  been  made  with  the 
familiar  linearized  analysis  [1],  Fig.  6  is  an  example  of  such  a  calculation.  For  these  calculations 
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Nondimensional  tim©,  t 

Figure  5.  Surface  temperature  during  a  sinusoidal  pressure  transient.  After  a  few  initial  cycles 
a  situation  of  dynamic  equilibrium  develops. 

the  condensed  phase  is  assumed  to  be  inert,  with  no  phase  transitions,  and  constant  thermal 
properties.  It  is  seen  that  the  response  function  for  a  disturbance  amplitude  of  10%  predicts  a 
larger  response  than  that  for  an  amplitude  of  1%.  So  even  for  the  usual  Ap/p  —  0.1,  nonlinearity 
plays  an  important  role.  This  is  an  important  restriction  when  pressure  coupled  experiments 
are  compared  with  linearized  analysis.  From  an  experimental  point  of  view,  large  disturbance 
amplitudes  are  desirable  for  acceptable  signal  to  noise  ratios. 


Frequency,  /  [Hz] 

Figure  6.  Nonlinear  pressure  driven  response  function  versus  linear  calculated  response  function 
(constant  thermal  properties). 

The  nonlinearity  from  Fig.  6  is  confirmed  by  the  Fast  Fourier  Transform  (FFT)  calculations  of 
the  propellant  response  on  a  sinusoidal  pressure  disturbance  with  a  frequency  of  500  Hz,  see 
Fig.  7.  This  figure  demonstrates  that  a  second  harmonic  is  introduced  for  an  amplitude  of  10% 
of  the  mean  signal.  For  a  larger  amplitude  even  more  harmonics  appear. 

The  effect  of  the  temperature  dependent  properties  on  the  pressure  driven  response  functions 
is  shown  in  Fig.  8.  As  seen  from  Fig.  3,  the  thermal  layer  thickness  of  the  analytical  temper- 
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Frequency,  f  {Hz] 

Figure  7.  Effect  of  the  amplitude  of  a  500  Hz  sinusoidal  disturbance  on  the  FFT-spectrum,  For 
perturbing  amplitudes  larger  than  10%  harmonics  appear. 

ature  profile  is  much  larger  than  that  of  the  other  two  profiles  because  of  the  reduced  thermal 
conductivity  of  AP.  This  thermal  layer  stores  information  of  foregoing  disturbances.  Because  of 
the  smaller  affected  zone  of  the  condensed  phase  for  a  propellant  with  temperature  dependent 
thermal  properties,  the  response  is  smaller.  This  smaller  zone  has  a  higher  resonance  frequency, 
expressed  by  the  shifting  of  the  maximum  of  the  response  function  to  higher  frequencies. 


Frequency  [Hz] 

Figure  8.  Effect  of  temperature  dependent  properties  on  the  pressure  response  function. 

The  effect  of  phase  changes  of  AP  are  not  only  found  in  the  thermal  properties,  but  coupled 
with  it  are  the  latent  heats  of  transition,  Qtra  and  Qm-  As  seen  from  Fig.  3,  this  leads  to  a 
smaller  thermal  layer,  with  an  accompanying  higher  resonance  frequency.  This  is  confirmed  by 
the  calculations  of  Fig.  9.  The  propellant  for  which  phase  transitions  are  accounted  for  has  a 
smaller  maximum  of  the  response  function,  indicating  that  this  propellant  is  more  stable,  as 
compared  to  the  propellant  for  which  the  latent  heats  are  cissumed  to  be  zero. 

Fig.  10  shows  the  effect  of  the  heat  release  distribution  on  the  response  function,  for  the  same 
cases  of  Fig.  4,  however,  now  the  more  realistic  heat  release  of  125  cal/g  has  been  used.  It  is  seen 
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Fr@qu@ncy  [Hz] 


Figure  9.  Effect  of  phase  changes  on  the  pressure  response  function. 


that  the  condensed  phase  reactions  lower  the  maximum  response.  So,  when  subsurface  reactions 
are  approximated  by  surface  reactions,  the  propellants  appears  to  be  less  stable.  The  maxima  of 
the  response  function  decrease  and  shift  to  lower  frequencies,  because  the  thermal  layer  is  larger 
for  subsurface  reactions. 


Frequency  [Hz] 

Figure  10,  Effect  of  the  heat  release  distribution  on  the  pressure  response  function. 


Similar  effects  were  found  when  the  condensed  phase  heat  release  wa.s  distributed  as 


QMX) 


0  if  X  <  Xtra 

■^cQ ff  ^tra  ^  ^  0 


(9) 


where  n  an  integer,  n  =  0,1,2, —  For  n  =  0  a  constant  heat  relea,se  is  found.  F  or  n  >  0  a 
heat  release  which  increases  towards  the  burning  surface  is  found.  In  this  definition  an  implicit 
temperature  dependence  is  present  because  Xtra  is  defined  as  T{xira)  =  Tfra-  Fig.  11  shows 
calculations  for  situations  where  all  heat  is  released  in  the  condensed  phase.  For  n  — >•  oo  the 
surface  heat  release  situation  is  recovered.  As  in  the  previous  calculations,  situations  with  the 
energy  release  close  the  the  surface  have  the  highest  response,  occurring  at  the  highest  resonance 
frequency.  So  a  large  heat  release  close  to  the  surface  results  in  less  intrinsic  stability.  Based 
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on  linearized  calculations,  DeLuca  et  al.  derived  the  same  conclusions  for  an  exothermic  and 
endothermic  heat  release  of  20  cal/g  [9]. 


Frequency  [Hz] 

Figure  11.  Effect  of  heat  release  distribution  on  the  pressure  coupled  response  function.  By 
collapsing  the  condensed  phase  reactions  to  the  surface  (increase  of  parameter  n)  the  intrinsic 
stability  decreases,  and  the  resonance  peak  shifts  towards  higher  frequencies. 


CONCLUSIONS 


•  The  approximation  of  constant  thermal  properties  is  too  crude  to  predict  the  response  of 
a  propellant  accurately. 

•  Phase  changes  in  the  condensed  phase  yields  a  more  stable  propellant,  lowering  the  maxi¬ 
mum  of  the  response  function  and  shifting  it  to  higher  frequencies. 

•  Solid  phase  reactions  have  a  similar  effect  on  the  transient  burning  as  the  surface  heat  re¬ 
lease.  Subsurface  reactions  demonstrate  an  decrease  in  maximum  and  resonance  frequency 
for  an  increase  in  chemical  reaction  zone  width. 

•  For  small  disturbance  amplitudes  of  1%,  the  response  of  the  propellant  is  linear,  for  10% 
disturbances  the  nonlinearity  cannot  be  neglected  anymore,  and  differences  can  be  found 
from  small  amplitude  calculations. 
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Abstract 

The  theoretical  model  of  porous  carbonized  particle  combustion  in  air  is  diseased.  The  model 
considers  equations  of  heat  and  mass  transfer  in  the  gas  phase  and  inside  porous  particles. 
The  heat  flux  from  the  particles  surface  to  the  wall  of  the  furnace  is  taken  into  account.  The 
different  regimes  of  particle  combustion  are  investigated.  It  is  shown  that  the  gas-phase  regime 
of  particles  combustion,  in  which  the  heterogeneous  chemical  reaction  of  carbon  interaction 
with  oxygen  is  absent  and  the  homogeneous  chemical  reaction  occurs  above  particle  surface,  is 
realized  when  the  furnace  walls  temperature  is  rather  high.  In  this  regime  of  the  particle  com¬ 
bustion  the  heterogeneous  chemical  reaction  of  carbon  interaction  with  carbon  dioxide  takes 
place  inside  particle,  because  the  oxygen  is  almost  totally  supplied  in  homogeneous  chemical 
reaction  above  the  particle  surface.  For  lower  furnace  wall  temperature  the  kinetic  regime 
of  particle  combustion,  in  which  the  heterogeneous  chemical  reaction  of  carbon  interaction 
with  oxygen  as  well  as  with  carbon  dioxide  takes  place  inside  porous  particle,  is  observed.  In 
the  kinetic  regime  of  the  particle  combustion  the  rate  of  the  particle  burning  out  is  increased 
with  furnace  wall  temperature  increasing  and  that  practically  achieves  the  maximum  particle 
burning  out  rate  in  the  diffusing  regime  of  particle  combustion.  In  the  gas-phase  regime  of  the 
particle  combustion  the  rate  of  the  particle  burning  out  is  smoothly  increased  achieving  the 
maximum  rate  of  the  particle  combustion  at  the  very  high  furnace  wall  temperature.  Thus, 
there  is  some  crisis  of  the  particle  burning  out  rate,  when  the  rate  of  the  particle  burning  out 
is  very  sharply  fallen  down  in  the  narrow  range  of  the  furnace  wall  temperature  (from  1300  K 
to  1400  K  for  particle  having  size  about  100 /im  and  burning  out  in  air). 


Main  Equations  and  Solutions 

The  process  of  the  carbon  particle  interaction  with  oxygen  is  kinetic  process  up  to  rather  high 
temperature.^"^  Thus,  the  determination  of  chemical  reaction  kinetics  taking  place  in  process 
of  carbon  particle  interaction  with  oxygen  is  the  basis  for  the  development  of  the  theory  of 
carbon  particle  combustion. 

Four  chemical  reactions  can  take  place  in  process  of  carbon  combustion: 

C  +  O2  =  CO2;  2C  +  O2  =  2CO;  C  CO2  =  2CO;  2CO  -f  O2  =  2CO2 


The  kinetics  of  gas-phase  chemical  reaction  have  been  determined:^ 

=  1.05710-^exp(-27544/T)[CO][O2]°-®[ff2O]°”  (1) 

where  concentrations  are  determined  in  [moli/liter]. 
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It  may  be  considered  that  the  kinetics  of  the  heterogeneous  chemical  reaction  of  carbon  inter- 
action  with  carbon  dioxide  have  been  rather  well  determined  too:^ 

=  740exp(-16748/T)[CO2]  (2) 


As  regards,  the  kinetics  of  the  heterogeneous  chemical  reactions  of  carbon  interaction  with 
oxygen  that  the  results  receiving  in  the  different  experiments  are  very  contradictory.  Besides, 
it  is  necessary  to  determine  the  correlation  of  the  rate  of  the  carbon  oxide  and  the  carbon 
dioxide  formation  in  the  products  of  the  chemical  reaction  of  carbon  with  oxygen.  The  absence 
of  the  kinetics  of  the  heterogeneous  chemical  reaction  of  carbon  interaction  with  oxygen  is  the 
main  hindrance  for  development  of  the  theory  of  the  porous  carbonized  particle  combustion 
and  gasification. 

Let  us  consider  the  equations  which  determine  the  process  of  porous  carbon  particle  interac¬ 
tion  with  air  in  a  furnace  with  wall  heated.  These  conditions  are  the  condition  in  what  the 
experiments  are  as  a  rule  realized.  Such  equations  are  first  of  all  the  equations  of  carbon  atoms 
and  oxygen  atoms  and  heat  conservation: 

=  —  (3) 

^  Me 

divV^=0  (4) 

Mi 

div(y^  Ijhj  +  h)  =  iSha  -  lR6(r  -  R)  (5) 

Here  Ij — are  the  flows  of  gaseous  substances  with  molecular  mass  pj,  (j  =  1  corresponds  to 
CO2,  2 — CO,  3 — O2)  and  Ih  is  the  heat  flux;  is  the  summary  rate  of  carbon  consumption 
in  the  heterogeneous  chemical  reaction  per  unit  of  the  volume  inside  particle;  In  =  cr(Tg  —T^) 
is  the  heat  flux  by  radiation  from  the  particle  surface  to  furnace  wall;  hj  h  he  are  the  enthalpy 
of  the  of  gaseous  substances  formation  and  solid  carbon,  h  n y  are  the  numbers  of  the 
carbon  atoms  and  oxygen  atoms  in  the  molecular  of  the  substance  Cmj  Onj  • 

The  next  equations  may  be  also  considered: 

the  equation  for  the  velocity  alteration  of  the  mass  gas 

div(£:pu)  =  (b) 

the  condition  of  sum  of  the  relative  concentration,  including  the  inert  gas,  equality  to  unit 

and  the  equation  for  pressure  alteration  inside  particle,  as  the  flux  of  the  products  of  the 
heterogeneous  chemical  reaction  inside  porous  medium  is  connected  with  gradient  pressure  by 
Dapey’s  law 

eu  =  —  — gradP  (8) 

M 

For  solution  of  the  task  it  is  necessary  to  consider  the  additional  equation  which  includes  the 
kinetics  of  the  homogeneous  and  heterogeneous  chemical  reactions.  Such  equation  may  be  the 
equation  of  oxygen  diffusion 


div/,  -  +  ^^02S  +  (9) 

Vc  2/ic  2^1 

where  #oi  is  the  rate  of  carbon  consumption  in  reaction  with  oxygen  when  the  carbon  dioxide 
is  formed,  and  ^o2 — when  the  carbon  oxide  is  formed 
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The  system  of  the  equations  (3)-(9)  may  be  solved  with  boundary  conditions: 

r  =  0,  u  =  0,  Ij  =  0,  Ih  =  0; 

r  =  oo,  Zj  =  T  =  To  (10) 

if  the  kinetics  of  the  all  heterogeneous  and  homogeneous  chemical  reactions  are  determined. 

Excluding  the  rate  of  carbon  consumption  $  from  the  equations  (3)  h  (6)  and  integrating  the 
equations  (3)-(5)  on  coordinate  with  boundary  conditions  in  the  particle  center,  we  receive 
the  correlation  between  fluxes  of  the  gaseous  substances  taking  into  account  that  the  enthalpy 

of  the  solid  carbon  is  zero  ^ 

^  rrijlj  m 

V^=0  '  (12) 

Y,I,^j  +  h  =  -lRR^6{r-R)  (13) 

where  m  =  epu^  9{r  —  R)  is  the  function  which  is  equaled  to  zero  at  r  <  and  unit  at  r  >  i?. 

The  expressions  for  fluxes  of  gaseous  substances  may  be  written  in  form 

Ij  =  mzj  —  epDgT&dzj,  Ik  —  mcT  —  +  Ac(l  —  £)]gradr 

where  Xg  vl  Ac  are  coefficients  of  heat  conduction  in  the  gas  and  in  the  solid  substances  of  the 
particle,  correspondingly. 


The  kinetic  regime  of  the  particle  combustion. 


Let  us  consider  the  solution  of  the  equitation  in  the  gas  phase  where  the  heterogeneous  chemical 
reaction  is  absent.  Substituting  the  expressions  for  substances  fluxes  in  the  equations  (11)- 
(13),  and  assuming  that  the  criteria  Lewis  Le  =  X/pcD  =  1  in  the  gas,  after  integrating 
the  equations  (11)-(13)  with  boundary  conditions  in  the  ambient  gas,  we  receive  the  next 
expressions: 

rriiZi  _ 1  .  1 

Me 


E^=e-E 

Mj 


Pj 


+  {Cg  -  CA)T]  +  C.T  = 

Pj  Pi 


(14) 

(15) 


”{T  -^[Hj  +  {Cj  -  Ci^)To]  +  CiTo  + 

^  fij  iii  m 


Ir  1  Jr 


}- 


TTi  / 


(16) 


where  Hj  h  Cj  are  the  enthalpies  and  the  heat  capacities  on  the  moll  of  a  substances  and 
is  the  mass  flux  of  the  gas  at  the  particle  surface  and 


m, 


-[ 


m  ,  rrioR  R  R 

— —dr  ~  — =rjQ  — 
epD  epD  r  r 


in  gas  phase  above  particle  surface. 

The  system  of  the  equations  (14)-(16),  (9)  determines  the  distributions  of  the  temperature  and 
the  concentrations  on  the  coordinate  in  gas  phase  above  particle  surface  if  the  temperature  and 
gas  composition  at  the  particle  surface  are  known.  If  r  =  i?,  T  =  T5  and  r]  =  r]o  in  the  equations 
(14)-(16)  that  the  system  equations  receiving  determines  the  dependence  the  composition  of 


1159 


gas  phase  at  the  particle  surface  on  the  particle  temperature  and  on  the  parameter  r}o,  what 
determines  the  particle  burning  out  rate. 

The  results  of  the  experimental  investigations  of  carbonized  particle  combustion  are  as  a 
rule  expressed  in  form  of  the  particle  burning  out  rate  dependence  on  the  particle  surface 
temperature  and  on  the  ambient  oxygen  concentration.  The  dependence  most  known  and 
utilized  in  the  last  years  is  the  dependence  ® 

rUg  ~  7. Oexp{— 9908/ Ts){z^y^^  (17) 

If  such  dependence  of  the  particle  burning  out  rate  on  the  particle  temperature  is  taken 
into  account  that  the  dependence  of  the  gas  phase  composition  at  the  particle  surface  may 
be  determined  on  the  particle  surface  temperature  only.  It  is  necessary  to  mark  that  the 
particle  surface  temperature  must  be  simply  determined  if  the  ambient  temperature  and  gas 
composition  and  furnace  wall  temperature  are  fixed.  In  the  experiments  the  alteration  of  the 
particle  temperature  was  connected  with  alteration  of  the  ambient  particle  temperature  and 
the  furnace  wall  temperature.  For  determination  of  the  correlation  between  particle  surface 
temperature  and  furnace  wall  temperature  it  is  necessary  to  consider  the  processes  inside 
porous  particle.  Such  consideration  is  impossible  if  the  kinetics  of  heterogeneous  chemical 
reaction  of  carbon  with  oxygen  is  unknown.  Nevertheless,  the  solution  of  the  equations  (14)- 
(17)  for  ambient  gas  composition  (air)  and  for  particle  diameter  about  100 /Ltm  may  be  only 
found  for  furnace  wall  temperature  and  ambient  gas  temperature  Too  =  Tuj  below  1300  K.  It 
is  first  of  all  connected  with  equality  of  the  oxygen  concentration  to  zero  at  the  particle  surface 
and  with  the  achievement  of  maximum  rate  of  particle  combustion  near  the  rate  of  particle 
combustion  in  the  diffusing  regime  {r}Q  =  0.1599)  where  the  rates  of  all  chemical  reactions  are 
infinite.^ 

The  concentration  of  the  oxygen  is  near  the  ambient  concentration  at  the  low  furnace  wall  tem¬ 
perature  and  that  is  decreasing  with  the  furnace  wall  temperature  increasing  and  that  equals 
to  zero  at  the  limit  of  the  solution  existence.  It  is  connected  with  more  extensive  consump¬ 
tion  of  oxygen  in  the  gas  phase  chemical  reaction  above  particle  surface.  The  temperature  of 
the  particle  surface  achieves  the  value  a  little  more  than  1800  K  at  the  limit  of  the  solution 
existence. 


The  gas-phase  regime  of  the  particle  combustion 

On  the  further  increasing  of  the  furnace  wall  temperature  the  oxygen  does  not  achieve  the 
particle  surface  and  the  heterogeneous  chemical  reactions  of  carbon  with  oxygen  do  not  take 
place  inside  porous  particle.  In  this  case  the  heterogeneous  chemical  reaction  of  carbon  in¬ 
teraction  with  carbon  dioxide  takes  only  place  inside  porous  particle.  This  regime  of  particle 
combustion  may  be  considered  in  the  theory  as  the  kinetics  of  the  reaction  of  carbon  with 
carbon  dioxide  is  known. 

The  equation  describing  the  process  of  heterogeneous  interaction  of  carbon  with  carbon  dioxide 
may  be  received  from  equations  (6)  h  (9)  and  may  be  written  in  form 

where  Wc  =  / epD  and  ^  =  r/R. 

The  boundary  conditions  for  this  equation  are: 

^=.0,  ^  =  0;  ^  =  1,  7?  =  r7o,  ^  =  ^  (1^) 


Besides  the  equations  (14)-(15)  the  additional  equation 

=  -IHj  +  (C,  -  O^)ro]  +  CiTo  +  —(1  -  e””)}, 

Pj  fii 
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which  is  received  in  the  assumption  that  the  heat  flux  in  the  solid  porous  media  is  negligible 
in  comparison  with  flux  of  the  full  enthalpy  in  gas,  must  be  considered.  In  these  equations  the 
oxygen  concentration  is  zero.  Thus  the  equations  (14)-(15),  (20)  determine  the  gas  composition 
and  the  gas  temperature  in  dependence  on  function  77,  and  the  dependence  of  the  function  77 
on  coordinate  ^  is  determined  from  the  solution  of  the  equation  (18)  with  boundary  conditions 
(19).  Besides  the  value  of  parameter  770  may  be  determined  from  the  solution  of  the  equation 
(18)  also  as  the  number  of  the  boundary  conditions  (19)  are  more  then  two. 

In  case  of  molecular  regime  of  flow  in  the  particle  porous  media  the  function  n  does  not  depend 
on  the  media  porosity  while  in  the  regime  of  the  Knudsen’s  flow,  when  D  ~  the  dependence 
of  this  function  on  porosity  is  necessary  to  take  into  account.  Besides,  the  dependence  of  the 
porosity  on  coordinate  inside  particle  is  necessary  to  consider  in  common  case  as  the  carbon 
inside  particle  is  consumed  nonuniformly  [6].  Nevertheless,  here  we  shall  assume  that  the 
molecular  regime  of  flow  inside  particle  takes  place  and  the  porosity  e  —  0.55  does  not  depend 
on  coordinate. 

The  dependence  of  function  77  on  coordinate  is  determined  from  the  task  (19)— (21).  This 
task  determines  the  value  770  what  is  the  rate  of  particle  combustion.  The  dependence  of  the 
rate  of  the  chemical  reaction  of  carbon  interaction  with  carbon  dioxide  (1)  is  utilized  and  the 
dependence  of  the  temperature,  pressure  and  gas  composition  on  function  77  is  determined  from 
the  solution  of  the  system  equations  (14)-(17),  where  the  oxygen  concentration  is  zero,  what 
is  valid  for  combustion  regime  considering.  The  solution  of  this  task  may  be  only  received  for 
the  furnace  wall  temperature  higher  1400  K. 


Results  and  Discussions 

The  dependence  of  the  particle  combustion  rate  on  the  particle  temperature  for  particle  diam¬ 
eter  near  to  100 /um  and  burning  out  in  air  is  shown  in  the  Figure.  1.  The  curve  1  corresponds 
to  kinetic  regime  of  the  particle  combustion  what  is  described  by  equation  (17),  but  the  curve 
2  corresponds  to  gas-phase  regime  what  is  described  by  equations  (14)-(15),  (18)-(20).  It 
may  be  seen  that  the  rate  of  the  particle  combustion  is  sharply  increased  in  the  kinetic  regime 
of  the  combustion  attaching  the  maximum  possible  rate  of  the  particle  combustion  in  the 
diffusing  regime  (770  =  0.1599).  In  the  gas-phase  regime  the  rate  of  the  particle  burning  out 
is  smoothly  increased  achieving  the  maximum  rate  of  the  particle  combustion  at  the  very 
high  temperature.  The  minimum  rate  of  the  particle  combustion  in  this  regime  is  about  half 
of  the  maximum  particle  combustion  rate.  Thus  the  very  sharply  decreasing  of  the  particle 
combustion  rate  must  be  taken  place  in  the  very  narrow  range  of  the  particle  temperature. 
Such  sharp  decreasing  of  the  particle  combustion  rate  is  connected  with  carbon  consumption 
rate  decreasing.  In  the  kinetic  regime  the  carbon  is  consumed  as  in  the  reaction  of  carbon 
with  oxygen  so  in  the  reaction  of  carbon  with  carbon  dioxide,  but  in  the  gas-phase  regirne 
the  carbon  is  consumed  in  the  chemical  reaction  of  carbon  with  carbon  dioxide  only.  It  is 
necessary  to  mark  that  such  sharp  decreasing  of  the  particle  burning  out  rate  was  observed  in 
the  experiments  where  the  dependence  of  time  of  the  particle  burning  out  on  the  particle  size 
was  investigated  in  the  furnace  with  high  temperature.^ 

For  determination  of  the  correlation  between  particle  temperature  and  the  furnace  wall  tem¬ 
perature  it  is  necessary  to  consider  the  heterogeneous  chemical  reaction  proceeding  inside 
porous  particle.  It  is  hard  to  make  in  the  kinetic  regime  as  the  kinetics  of  the  heterogeneous 
chemical  reaction  of  carbon  interaction  with  oxygen  is  unknown.  However,  in  the  gas-phase 
regime  it  may  be  done  as  the  heterogeneous  reaction  of  carbon  with  oxygen  is  absent  in  this 
case  and  the  kinetics  of  the  heterogeneous  reaction  of  carbon  with  carbon  dioxide  is  known 
(1)- 

The  dependence  of  the  gas  composition  at  the  particle  surface  (curve  1  is  the  relived  mass 
concentration  of  CO2;  2,  CO;  3,  62)  and  the  particle  surface  temperature  T,  (curve  4)  and  the 
rate  of  the  particle  combustion  770  (curve  5)  on  the  furnace  wall  temperature  Ty;  are  received 
from  the  solution  of  the  task  (14)-(15),  (18)-(20)  and  that  is  shown  in  the  Figure  2  for  particle 
having  diameter  about  100  pm  and  burning  out  in  air.  Thus,  the  concentration  of  the  oxygen 
at  the  particle  surface  is  negligible  when  the  furnace  wall  temperature  is  rather  high  but  that 
is  increased  and  the  concentration  of  the  carbon  oxide  is  decreased  achieving  zero  when  the 
furnace  wall  temperature  is  decreased.  It  is  the  main  reason  why  the  solution  of  the  task  does 
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Figure  1.  The  dependence  of  the  rate  of  the  particle  having  size  about 
100  jum  and  burning  out  in  air  on  particle  surface  temperature  for  kinetic 
regime  of  combustion  (1)  and  for  gas-phase  regime  (2). 


Figure  2.  The  dependence  of  the  concentrations  CO2  (curve  1),  CO  (2), 
O2  (3)  at  the  particle  surface  and  the  particle  surface  temperature  Ts  (4)  and 
the  rate  of  the  particle  burning  out  770  (5)  on  the  furnace  wall  temperature 
Tu;  for  particle  having  size  100 /im  and  burning  out  in  air  in  the  gas-phase 
regime. 


not  exist. 


Conclusion 

The  model  of  porous  carbonized  particle  combustion  is  considered.  The  model  is  based  on  the 
consideration  of  heat  and  mass  transfer  equations  in  the  gas  phase  above  the  particle  surface 
and  inside  the  porous  particle. 

Two  regime  of  the  particle  combustion  are  considered:  (1)  the  kinetic  regime  in  what  the 
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heterogeneous  chemical  reactions  of  carbon  interaction  with  oxygen  and  with  carbon  dioxide 
take  place  inside  porous  particle  and  (2)  the  gas-phase  regime  in  what  the  heterogeneous 
chemical  reaction  of  carbon  with  carbon  dioxide  takes  place  inside  porous  particle  only  and 
the  oxygen  is  practically  totally  consumed  in  the  homogeneous  chemical  reaction  over  the 
particle  surface. 

The  rate  of  the  particle  burning  out  is  sharply  increased  in  the  kinetic  regime  and  that  achieves 
the  value  near  the  maximum  possible  rate  of  the  particle  combustion  in  diffusing  regime 
where  all  rates  of  the  chemical  reactions  are  infinite.  In  the  gas-phase  regime  of  the  particle 
combustion  the  rate  of  the  particle  burning  out  is  smoothly  increased  from  the  minimum  rate 
of  the  particle  burning  out  what  is  approximately  half  of  the  maximum  possible  rate  of  the 
particle  combustion  to  the  maximum  possible  rate  of  the  particle  burning  out.  The  transition 
from  the  kinetic  regime  to  gas- phase  regime  of  the  particle  combustion  occurs  at  the  furnace 
wail  temperature  from  1300  K  to  1400  K  for  carbonized  particle  having  size  about  100 //m  and 
burning  out  in  air. 

Thus  the  crisis  of  the  rate  of  the  particle  combustion  when  the  rate  of  the  particle  burning  out 
is  sharply  fallen  down,  must  be  observed.  The  reason  of  the  such  phenomenon  is  the  decreasing 
of  rate  of  the  carbon  consumption  inside  porous  particle  as  in  the  kinetic  regime  the  carbon 
consumes  as  in  heterogeneous  reaction  of  carbon  with  oxygen  so  with  carbon  dioxide  but  in 
the  gas-phase  regime  the  carbon  consumes  in  the  heterogeneous  chemical  reaction  of  carbon 
with  carbon  dioxide  only. 
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ABSTRACT:  In  the  present  paper,  the  laws  of  sequential  distribution  of  the  parameters 
of  nonstationary  two-dimensional  flows  of  the  mixture  of  pelletized  solid  propellant  (PSP) 
combustion  products  (CP)  along  the  gas  generator  (GG)  cavity  is  investigated  numerically.  For 
imitation  of  the  exploitation  conditions  the  GG  is  placed  in  an  cylindrical  imitation  chamber. 
Two-dimensional  gas-dunamic  equations  of  motion  of  the  CP  mixture  between  the  granulated 
elements  (GE),  are  written  in  the  axisymmetrical  statement  for  the  multicomponents 
biphase  mixture  of  ideal  gases.  A  peculiarity  of  the  model  is  that  the  physical  processes 
accompanying  the  CP  filtration  through  granular  propellant  are  taken  into  account.  Calculation 
of  the  solid  phase  temperature  state  and  its  non-stationary  burning-out  is  carried  out  on  the 
method,  made  up  in  accordance  with  the  model  of  Prof.  R.Ye.Sorkin  of  Russia.  The  heat  problem 
is  solved  in  each  of  gas-dynamics  knots  for  a  separately  taken  propellant  pellet.  The  equations, 
describing  the  gas-dynamic  processes,  are  solved  numerically  by  the  Large  Particles  Method, 
developed  by  Prof.  Yu. M. Davydov  of  Russia,  with  using  of  a  number  of  modifications.  For 
the  complex  check-up  of  the  developed  mathematical  model  of  physico-chemical  processes,  the 
numerical  calculation  results  have  been  compared  with  the  fire  stand  tests.  The  analysis  of  results 
of  numerical  investigations  of  laws  of  the  physico-chemical  processes  evolution  in  the  GG 
reveals  that  the  flows  patterns  in  the  GG  cavities  are  characterized  by  substantial 
inhomogeneity,  increasing  as  the  process  develops  and  expressed  temperature  sensitivity.  After 
the  pelletized  propellant  complete  ignition,  the  flow  non-one-dimensionity  degenerates  gradually 
and  parameters  in  the  GG  volume  can  be  averaged.  Using  of  two-dimensional  gas-dynamic 
model  opens  a  possibility  for  obtaining  the  information  on  processes  proceeding  in  the  GG  at  a 
new  qualitative  level,  gives  a  more  comprehensive  idea  about  the  physico-chemical  processes 
essence  and  permits  to  abandon  the  use  of  a  number  of  empirical  relations. 


INTRODUCTION 

Numerical  investigation  of  the  non-stationary  spatial  gasdynamics  processes,  accompanying  the 
PSP  combustion  in  the  GG  presents  considerable  interest  for  the  wide  class  of  technical  devices. 
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As  an  examples  of  such  GG  it  is  possible  to  name  the  solid  propellant  gas  generator,  which  is 
used  for  airbag,  belt  restraint  systems  or  other  means  for  safety  ensuring  in  case  of  any  transport 
crash  or  airbag  dispersion  system,  which  is  used  in  new  techniques  for  dispersing  the 

submunition  from  the  carrier  vehicle  (warhead).  ’ "  For  such  GG  a  considerable  dependence  of 
technical  characteristics  and  respectively  the  operational  safety  from  passing  quality  of  aggregate 
of  physico-chemical  processes  is  characteristic:  the  PSP  heating-up  and  combustion,  distribution 
of  the  gaseous  reaction  products  along  the  GG  volume,  passing  of  aggregate  of  heterogeneous 
reactions  with  emission  or  absorption  of  energy,  heat-mass  exchange  processes.  There  are  a  few 

theoretical  models  reported  in  the  literature.  In  comparison  with  works  ^  ,  the  more  detailed 
investigation  of  spatial  gasdynamics  processes  development  laws  in  GG  is  presented  below.  The 
GG  body  is  made  from  composite  nonmetallic  materials  and  is  filled  in  by  the  PSP.  The  paper 
takes  care  with  two-dimensional  statement  of  intraballistic  problems  in  the  GG  volume  on  the 
basis  of  Euler's  equations. 


PROBLEM  STATEMENT 

Solution  of  the  problem  is  carried  out  for  one  of  the  most  widespread  schemes  of  the  GG.  ^  A 
schematic  drawing  of  a  typical  pyrotechnic  GG,  which  having  a  parallel  scheme  shown  in 

Figure  1 .  ^ 


Figure  1.  A  schematic  drawing  of  a 
typical  pyrotechnic  GG 


Figure  2.  A  schematic  drawing  of  the 
GG  perforated  boundary 


The  GG  consists  of  the  main  cylindrical  channel  (MC)  1  having  uniform  perforation  2  over  the 
lateral  surface.  The  left  MC  boundary  3  is  deaf  and  in  the  right  boundary  4  there  is  a  uniform 
perforation  5.  Whole  perforation  is  hermetically  sealed  outside.  The  additional  cylindrical 
channel  (AC)  6  (an  initial  impulse  amplifier)  with  uniform  perforation  7  over  the  lateral  surface 
is  installed  into  the  MC  cavity  1,  coaxially  to  MC.  The  GE  8,9  having  the  spherical  form  and 
pressed  from  the  pyrotechnic  mixture  (PTM)  are  placed  with  the  bulk  density  in  the  cavities  of  the 
channels  1,  6.  The  right  AC  boundary  10  is  deaf,  and  the  time- varying  high-temperature  gas 
flow,  containing  incandescent  particles  is  supplied  from  initiator  12  equipped  with  a  fast  burning 
compound  through  left  perforated  boundary  1 1 .  Ratios  of  channels  length  to  their  diameters  are 
more  than  one  and  preset  to  be  equal  to  1.2  -  for  MC,  and  10  -  for  AC.  The  GG  is  installed  in  the 
imitation  chamber  (IC)  13,  which  intended  for  imitating  service  conditions,  for  example,  of  a  free 
volume  and  geometrical  sizes  of  any  device.  At  the  right  end  of  the  IC  13  there  is  hole  14 
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intended  for  exhausting  the  differential  pressure  up  to  the  normal  level.  The  process  in  the  GG, 
and  then  in  the  IC  is  developed  by  the  following  way.  From  the  initiator  12  CP  arrive  at  AC  6, 
where  they  heating-up  and  ignite  the  PSP  9.  From  the  AC  6  the  CP  arrive  in  the  MC  1,  where 
they  heating-up  and  ignite  the  PSP  8.  When  the  pressure  in  the  MC  1  achieves  the  level,  exceeds 
the  destruction  pressure  of  the  hermetic  sealing,  occurs  destruction  of  the  hermetic  sealing  and 
the  CP  begin  to  arrive  in  the  front  volume  of  the  IC  (Figure  1). 


MATHEMATICAL  MODEL 

When  constructing  the  mathematical  model  of  physico-chemical  processes  proceeding  in  the  GG 
and  IC,  the  following  assumptions  system  was  accepted: 

-  cold  gas  originally  occupied  the  pore  space  of  the  ducts,  hot  combustion  products  coming 
through  the  AC  left  boundary,  into  the  estimated  ranges,  and  CP  of  the  PSP,  all  form  the 
chemically  non-reacting  mixture  the  flow  of  which  is  nonstationary  and  follows  the  laws  of  flow  of 
ideal  gas; 

-  in  CP  mixture  the  condensed  (c)  particles  can  be  present,  the  rate  and  the  temperature  of  which 
coincide  with  the  corresponding  parameters  of  the  gas; 

-  losses  by  friction  and  heat  transmition  from  the  CP  mixture  into  PSP  and  ducts  walls  are  taken 
into  account  by  introducing  into  the  equations  right  parts  the  amount  of  motion  and  energy  of  the 
source-type  members; 

-  all  of  the  c-particies  generated  by  PSP  combustion  deposit  right  away  on  the  GE  surface,  for  that 
reason  a  convective  term  in  the  continuity  equation  for  the  c-phase  is  dropped; 

-  GE  are  fixed  in  space,  and  only  their  geometrical  sizes  change  gradually  in  burning.  No 
particular  flow  over  each  GE  is  considered; 

-  initial  porosity  of  the  PSP  is  considered  to  be  prescribed. 

With  allowance  of  these  assumptions,  two-dimensional  differential  equations  of  the  CP  mixture 
non-stationary  motion  between  the  GE,  along  the  AC  and  MC  are  written  in  the  following  form 
(in  axisymmetrical  statement  for  the  multicomponents  biphase  mixture  of  the  ideal  gases): 


—  i^p'Pmix  ;•'■)  +  -^(Fp-Pmix  j -U-r)  +  j-V-r)  =  Mj,  r  >  0, 

0<x<L,  0<r<  Dmc  IX  7  =  1-3 

+  + .u.V-r)^Fp-r-^^^  = 

=  gIi  ~  pu  •  *  Su 

V  r)  +  -V-U-r)  +  r)  +  f 

Cl  ox  ^  dr  ^  dr 

=  Gy  -  pv  -X^  ■  *Sj/' 

p  ■  9mix  '  ^sp  '  (^p  ‘  Pmix  ‘  ^sp '  0  +  (^p  '  Pmix  '  ^  ’  ^sp  '  0 

+  ^{Fp-Pmix  ■U-r)  +  ^(Fp-P^,,  ■V-r)  =  QE  +G^ 


(1) 

(2) 

(3) 


(4) 


‘9  mix 


r-lc)  =  \{Pu+  Pv)r\9c 


Uq  'J  c 


Y  c 


(5) 
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(6) 


= 

8c.  =  4.0 

V  ^  assumed  that  =  1 


(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 
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(27) 


=  ni[/  •  9mix  -u^  I  ^ 

-  'HiK  ■  Pmix  ■V'^  I  ^  (28) 

A  peculiarity  of  the  written  model  is  that  the  physical  processes  accompanying  the  CP  filtration 
through  the  GE  are  taken  into  account.  For  description  of  the  temperature  distribution  inside  and 
on  the  surface  of  the  GE  separately  taken  in  each  of  gas-dynamics  knots,  as  well  as  to  find  the 
moment  of  the  GE  inflammation,  the  one-dimensional  heat  conduction  equation  written  in  terms  of 
the  spherical  coordinate  system  is  used.  In  this  case  supposed,  that  the  heterogeneous  exothermic 
chemical  zero-order  reactions,  localized  in  the  GE  thin  surface  layer,  are  leading  in  the  ignition 

process.  ’  .  Therefore,  the  thermal  effect  from  the  chemical  reactions  in  the  warmed  up  layer  can 

be  attributed  to  the  GE  surface  and  taken  into  account  in  boundary  conditions,  and  in  the  right  part 
of  the  heat  conduction  equation  not  to  take  into  account : 


dTc  X,  1  d  (.2  dTA 
dt  2^  d  z  \  d  z  )' 


Q<z<{d^c^  ^  Mc)  r>0  ^29) 


The  equation  (29)  is  utilized  up  to  the  moment,  when  on  the  GE  surface  there  will  be  conditions, 
which  providing  intensive  gasification.  For  the  ignition  criterion,  a  condition  of  achievement  on 

the  GE  surface  of  some  critical  temperature  '^ig  is  accepted: 


T  >  T 

^  s  ~  ^  Ig 


(30) 


In  the  conditions  of  the  GE  non-stationary  combustion  with  the  linear  rate  ,  the  heat 
conduction  equation  in  the  solid  phase  is  recorded  in  the  movable  coordinates  system,  connected 
with  the  GE  combustion  surface  and  moving  to  the  GE  centre,  on  normal  to  its  surface  with  the 


,  0<z<  Mc)  r  >0 


rate  : 

13  (.2  dT, 

dt  ^  dz  ^^2 

Boundary  conditions: 

On  ^  ^  (dAc,d Mc)  dTJdz  =  0 

On  z  =  0  and  t  >  0 

dT,  I  dz  =  q,p  +  q^  =  a^p  •  (  (33) 

Eh  1 


(32) 


KhiTc)  = 


^O/i-exp 

0, 


Eq  ■  Tc 


on  >  Th 


on  Tc  <  Th 


(34) 


For  the  GE  burning  surface  ( >  0  ),  as  additional  boundary  condition,  the  equation  for 
temperature  on  the  surface  (burning  condition)  is  accepted: 


=  0  {Pmix,  To  ) 


(35) 
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Integral  dependences  suggested  by  Prof.  V.P. Bobrishev  of  Russia  (1973)  are  used  to  account  for 
the  possible  erosive  effect  in  GE  burning.  In  the  basis  of  this  procedure  is  the  solution  of  the 
asymptotic  equations  of  heat  conduction  and  diffusion  in  the  gas  phase  of  the  burning  propellant. 
The  distinctive  feature  of  Bobrishev's  model  consists  in  the  fact,  that  for  every  particular  solid 
propellant  there  is  no  need  to  know  a  threshold  (critical)  value  of  the  velocity  of  the  flowing-over 
gas  flux,  below  which  there  is  no  erosive  burning.  According  to  this  procedure,  the  erosive 
coefficient  S  ,  is  determined  on  the  basis  of  the  following  relationships: 


s  =  ^0.5  +  ^0.25  +  [k^  •  r\T  •  th{-y\T  /  30)f 
riT’  =  (0.675  •  ri^  +  21)  •  th{y\,  /  3.25) 

•  u 


k^  =  0.39 


^CfJ2  =  [5.5  +  25  •  In  (Re  •  Jc f,  /  2) 


-1 


(36) 

(37) 

(38) 

(39) 

(40) 


The  last  equation  is  solved  by  the  iterations  method.  For  the  first  approximation  it  is  believed 
that  C^o  =0.04. 

For  determination  of  Re  value,  the  next  dependence  was  used: 

iU,  V)  =  /  iU,V)  /■  ^  K  p{U,  V)  ■  P  mix  !  P  (41) 


For  description  of  the  hydrodynamics  processes  and  the  heat  exchange  processes  in  the  porous 
medium  the  authors  use  the  procedure,  which  based  on  the  model  of  the  integral  characteristics  of 

the  systems.  For  determination  of  the  value,  the  next  criterion  dependence  was  used: 


3  •  71 


^  Nt4 


V 


m 


(Pr '  ^“^(17,^)) 


(42) 


In  accordance  with  Ergun’s  and  Vitkov’s  works,  the  value  is  determined  on  the  following 


dependence: 


11. 13 


K 


pix.r) 


{d  gj-  ■  m  (x,r) ) 


P-(l-'”(x,r)) 


(43) 


where  P  -  is  the  constant,  P  =  215. 

The  heat  exchange  coefficient  a  consists  of  three  components:  they  are  convective  ay  realized 
in  the  CP  filtering  through  the  PSP  pores;  owing  to  CP  radiation,  owing  to  the  deposition  of 
incandescent  particles  on  the  PSP  surface,  ^cont-  ^  To  find  the  value  ay  the  following 
correlation  is  used:  ^  * 

a  y  =  Nuy  •  ^  yyiix  '  /  yj (44) 
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As  far  as  the  intensity  of  the  gasdynamics  parameters  changes  on  AC  and  MC  volumes 
considerably  greater  than  velocity  of  thermal  parameters  variation,  at  determination  of  the  last 
(including  and  a  heat  exchange  coefficient)  utilization  of  the  criteria  relations,  obtained  in 
stationary  conditions  is  allowable.  This  statement  is  coordinated  with  data,  obtained  by 


B.P. Zhukov,  V.V.Vengerskiy,  Yu. N. Kovalyov  and  A.M.Lipanov  of  Russia.  According  to 
these  data,  application  of  the  stationary  criteria  relations  for  calculation  of  the  proceses  on  the 
initial  stage  of  solid  propellant  gas  generation  system  operation  is  correctly  in  case,  if: 


'X  P 
^}nix  ‘  ^mix 


c, 


6  •  a 


/ 


<0.03 


(45) 


In  case  of  laminar  mode  of  the  CP  mixture  flow,  a  coefficient  f/  =  0.2,"  and  at  turbulent  mode 


r/  =  0.5. 

The  physico-chemical  processes  proceeding  in  the  initiator  12  and  IC  13  (Figure  1)  are  simulated 

3  12 

in  the  thermodynamic  statement.  ’  All  the  mass  flow  rate  through  the  nozzles  characteristics 
are  determined  in  accordance  with  the  dependencies  given  in  Shapiro’s  and  Sorkin’s  works. 


BOUNDARY  CONDITIONS 

"Joint"  of  gas-dynamic  parameters  in  boundaries  of  adjacent  ranges  with  different  dimentions 
(Figure  1,  "0"  -  "2"  -  "2"  -  "0"  )  is  carried  out  by  the  means  of  the  algorithm  of  "decay  of  a 
random  breakage".  In  the  same  way  the  boundary  conditions  are  formulated  on  the  other  AC 
and  MC  boundaries.  For  determination  of  the  flow  parameters  on  internal  surfaces  of  the 
calculated  ranges  boundary s  "2"  (  Figure  1,  AC,  MC  ),  the  conditions  of  dynamic  compatibility 

are  used.  ^  We  shall  consider  the  singularity  of  application  of  these  conditions  for  perforated 
boundary,  which  is  partially  covered  by  the  GE.  The  influence  of  the  separation  phenomenon, 
which  is  observed  at  the  CP  flowing  through  the  GG  perforation,  do  not  take  into  account,  as  far 
as  the  GG  has  small  walls  thickness.  The  conditions  of  dynamic  compatibility,  which  express  the 
laws  of  conservation  of  mass,  impulse  and  energy  at  reduction  of  the  section  area  by  “jump”, 
connect  CP  parameters  on  a  surface  of  perforated  boundary  (  Figure  2,  "1"  )  and  in  openings  of 
perforated  boundary  (  "2"  ). 


Fb-m\pmi.-U\=Fzperfdc{p.i.^U 

mix  +F^-m-  PmixX  =  perf  '  '  [p  mix'  + 


perf  ■  ■  ^mix2  i^b  perf  '  *  ^mixl  (1  '  ^mix\ 


u, 


ku-\ 


^mixl 

Pmix2 


t/i 


+ 


kh-l 


^mix\ 

Pmixl 


(46) 


(47) 


(48) 


In  the  equation  of  impulses  we  shall  assume  that  P*ix  ~  Pmixi  •  T'he  recorded  system  of 
equations  (46  -  48)  has  two  decisions.  And,  only  one  of  these  decisions,  which  corresponds  to  the 
supersonic  mode  of  the  CP  flowing  (l/j  >  C,  ,  where  C  -  is  a  sound  velocity),  will  satisfy  to  a 
condition  of  entropy  AS  increase: 
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^  •  In 

kh  -1 


A5'>0 


mix\ 


^mixl  ^  9mix\  ^ 


Starting  from  it,  at  t  =  0,  from  system  (46  -  48)  it  is  possible  to  receive: 


(49) 


9mix\  -  ¥  * 


Pmixl  '  ^2 

t/i 


^mixl  ~  ^mixl  Pm/x2  '  ^2  '  (^2  ^l) 


where 


VIZ- 


perf 

mFu 


(51) 


(52) 


The  process  of  the  CP  flow  through  flowing  boundarys  of  regions  in  a  greater  part  of  a  period  of 
PSP  ignition  is  critical.  In  case,  when  the  critical  conditions  of  the  outflow  will  be  broken,  the 
perturbations  introduced  by  the  CP,  which  flowing  through  the  boundary,  will  not  already  render 
the  essential  influence  on  the  character  of  the  process.  Therefore,  later,  on  flowing  boundarys 
nonflowing  conditions  can  be  given. 


NUMERICAL  METHOD 

The  stated  mathematical  model  is  substantially  non-linear,  that  is  why  it  will  be  solved  by 
numerical  methods.  The  equations,  describing  the  gas-dynamic  processes,  represent  the 
system  of  differential  equations  with  partial  derivatives  of  a  hyperbolic  type.  These  equations  are 
solved  numerically  by  the  Large  Particle  Method,  developed  by  Prof.  Yu. M. Davydov  of  Russia, 

with  using  of  a  number  of  modifications.  These  modifications  in  particular,  allow  to 

increase  the  stability  and  the  accuracy  of  solution  of  problems  for  the  CP  filtered  with  a  small 

rates.  The  thermal  problem  is  solved  by  means  of  the  finite  difference  method  by  the 

1 9 

conservative  nonexplicit  scheme  using  the  scalar  fit  method.  The  approximation  of  difference 
equations  is  carried  out  on  the  non-uniform  grid.  The  less  step  of  the  GE  surface  is  chosen,  and 
then  it  is  increased  according  to  the  geometric  progression  law.  All  the  rest  equations  of  the 
system  in  the  initiator  and  in  the  imitation  chamber  are  not  complex  to  solve.  The  results  of  the 
model  are  presented  later  in  the  paper. 
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COMPARISON  WITH  TEST  DATA 


For  the  complex  check-up  of  the  developed  mathematical  model  of  physicochemical 
processes,  the  numerical  calculation  results  have  been  compared  with  the  fire  stand  tests.  The 
tests  have  been  executed  for  the  special  pyrotechnical  GG  (Figure  1),  mounted  in  the  largesized 
imitation  chamber  (Figure  1).  Figure  3  shows  dependences  of  pressures  on  time  (continuous  lines) 

-  in  the  GG  body  pressure  gauge  was  installed  in  the  GG  flange  plug),  and  in  the  front 

volume  of  the  IC  -  (two  pressure  gauges  were  installed  in  the  IC  front  volume.  Each  of 

average  curves  represents  the  mathematical  expectation,  found  by  5  tests. 


0  0,04  0,08  0,12  0,16  0,20  0.24  i.sec. 


Figure  3.  Comparison  of  the  numerical  calculation  results  with  the  fire  stand  tests 


Lowermost  and  uppermost  curves  characterize  the  bilateral  symmetrical  confidence  interval  of 

—  test  —  test 

the  pressure  spread  Pgg  and  Pic  ,  and  with  confidence  probability  of  0.95.  Curves, 
corresponding  to  the  calculated  pressures  are  shown  by  dashed  lines.  It  is  directly  clear,  that 
calculated  and  experimental  curves  (Figure  3)  are  in  good  agreement  both  in  on  the  amplitude,  and 
on  the  frequency. 


SIMULATION  RESULTS  AND  DISCUSSIONS 

Numerical  investigations  was  carryed  out  for  PTM  with  the  following  chemical  compositions: 
technical  barium  nitrate  -  60  %,  titanium  powder  -  35  %,  binding  solution  containing  Mg 
compounds  and  graphite  -  5  %.  The  basic  initial  data  used  in  the  computer  model  are  as  follows: 
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Pc  =  2900  kg/m3  ;  =  1090  K;  =  3500  K;  k  =  1,276;  Y  c  =  0,62;  L  =  0,24 

m;  ~  0.0095  m.;  =  0.0120  m.;  =  0.5  •  10“^  =  28.5  •  10"^  m~\ 

F/c  =  0.0065  m~;  F^  =  0.040  =  0.09  kg.;  O) =  5.0  kg.;  <y^ci  =  0.0010 

kg.;  co^cx  =  0.0017  kg.;  =  0,02  m/s  at  =  1  mPa;  AT/^^g  =  -  2414  kJ/kg; 

=  8.494  -10"^  kJ/(m- sec-F);  C =  1387  J/(kg  -K).  The  analysis  of  the  results  of  numerical 
investigations  of  laws  of  the  physico-chemical  processes  evolution  in  the  GG  reveals  following. 
The  PSP  inflammation  in  the  ducts  occurs  under  substantially  nonstationary  conditions  and  the 
flows  patterns  in  the  GG  AC  and  MC  are  characterized  by  substantial  inhomogeneity,  increasing 
as  the  process  develops  and  expressed  temperature  sensitivity.  After  the  PSP  complete 
inflammation  a  gradual  degeneration  of  combustion  nonstationarity  is  observed.  A  patterns  of  the 
GG  charges  gradual  ignition  are  shown  in  Figure  4  (  for  the  GG  AC  )  and  in  Figure  5  (  for  the 
GG  MC). 


Figure  4.  The  pattern  of  the  GG 
AC  charge  gradual  ignition 


-Dac/2 


Figure  5.  The  pattern  of  the  GG 
MC  charge  gradual  ignition 


Figure  6.  The  lines  of  identical  values  of  the  CP 
mixture  flow  parameters  in  the  GG  AC 


On  initial  stage  of  the  process  (  t  =  0.1  ms.  ),  the  main  influence  are  render  the  CP,  which 
arriving  from  the  initiator.  By  means  of  flow  into  of  these  CP  with  the  sound  velocity  at  the  left- 
hand  AC  boundary,  a  compression  wave  is  formed.  On  Figure  6  are  submitted  an  example  of  the 
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development  of  the  two-dimensional  wave  processes  in  GG  AC  -  the  lines  of  identical  values  of 
the  temperature  (a),  the  pressure  (b)  and  the  modulus  of  the  velocity  vector  (c)  of  the  CP  mixture 
flow,  at  -20°  C,  formed  to  the  time  moment  t  =  0.3  ms.  From  figures  it  is  clear,  that  as  the 
process  develops  the  flow  gradually  acquires  two-dimensional  character.  As  well  as  in  the  one¬ 
dimensional  flow,  ahead  of  the  top  of  a  compression  wave  (Figure  6,  (b),  Ptnix  =  2,744  MPa) 
there  is  the  top  of  the  flow  velocity  module  (Figure  6,  (c),  /W/  =  625  m/sec.).  Figure  7  shows 
the  lines  of  identical  values  of  the  temperature  (a),  pressure  (b)  and  modulus  of  the  vector  of  the 
flow  velocity  (c)  of  the  CP  mixture,  at  =  20 "  C ,  formed  to  a  time  moment  t  =  0.8  ms. 


Figure  7.  The  lines  of  identical  values 
of  the  CP  mixture  flow 
parameters  in  the  GG  AC 


Figure  8.  The  lines  of  identical  values 
of  the  CP  mixture  flow 
parameters  in  the  GG  MC 


From  the  Figure  7  (a)  and  (b)  it  is  visible,  that  practically  all  the  PSP  in  the  AC  was  connected  to 
combustion,  and  the  pressure  distribution  on  the  AC  volume  has  become  more  uniform.  A  similar 
results  refered  to  the  GG  MC,  is  presented  on  Figure  8  -  Figure  10.  On  Figure  8  are  submitted  the 
lines  of  identical  values  of  the  temperature  (a),  pressure  (b)  and  the  modulus  of  the  velocity 
vector  (c)  of  the  CP  mixture  flow,  at  =20°  C ,  which  formed  in  the  MC  to  the  time  moment 
t  =  0.6  ms.  Here,  from  the  very  beginning  of  the  process  the  flow  patterns  has  a  non-one- 
dimensional  character,  due  to  irregularity  of  the  development  of  the  process  of  the  CP  flow  from 
AC  to  the  MC. 
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fe) 


(b) 


(C) 


Figure  9.  The  lines  of  identical  values  Figure  10.  The  lines  of  identical  values  of  the 

of  the  CP  mixture  flow  modules  of  vector  of  the  CP  mixture 

temperatures  in  the  GG  MC  flow  velocity  in  the  GG  MC 

Also,  the  influence  of  the  PSP  initial  temperature  on  the  flow  picture  in  the  MC  was  investigated. 
The  investigations  were  executed  for  a  temperatures  interval  from  -  40 "  C  up  to  +  40 "  C .  On 
the  Figure  9  are  submitted  the  lines  of  identical  values  of  the  temperatures  of  the  CP  mixture  flow, 
which  formed  to  a  time  moment  t  =  1  ms.  ( (a)  -  T/  =  -  40"  C;  (b)  -  0"  C;  (c)  -  +40"  C). 
On  Figure  10  are  submitted  the  lines  of  identical  values  of  the  modules  of  vector  of  the  CP 
mixture  flow  velocity,  at  =  -  40"  C  (a)  and  the  pressure  of  the  CP  mixture  at  =  -  40"  C 

(b)  and  -  +  40"  C  (c).  From  Figure  9  and  Figure  10  it  is  obviously,  that  the  consecutive 

increase  of  the  PSP  initial  temperature  are  results  in  considerable  modification  of  the  flow  picture 
and  acceleration  of  the  process  development.  After  the  PSP  complete  ignition,  the  flow  non-one- 
dimensionity  are  degenerates  gradually  and  the  parameters  in  the  GG  volume  can  be  averaged. 

CONCLUSION 

The  flows  patterns  in  the  GG  AC  and  MC  are  characterized  by  substantial  inhomogeneity, 
increasing  as  the  process  develops  and  expressed  temperature  sensitivity.  After  the  PSP  complete 
ignition,  the  flow  non-one-dimensionity  is  degenerated  gradually.  The  using  of  two-dimensional 
gas-dynamic  models  opens  the  possibility  for  obtaining  the  information  about  processes  proceeding 
in  the  GG  and  IC  at  a  new  qualitative  level,  and  gives  a  more  comprehensive  idea  about  the 
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physico-chemical  processes  essence  and  permits  to  abandon  the  use  of  a  number  of  empirical 
relations. 


NOMENCLATURE 

a,  b  -  are  the  mass  concentrations  of  the  CP,  coming  into  the  AC  through  its  left  boundary 
and  formed  in  GP  burning;  C^,  Cy  ,  Cc  -  are  the  specific  heat  capacities  of  the  CP  mixture  gas 
phase  and  the  condensed  phase;  C  y  q  -  is  the  friction  resistance  coefficient;  and 

are  the  initial  diameters  of  the  pelletized  elements,  placed  in  AC  and  MC  cavitys;  ^  ef  -  is  the 
effective  (current)  GE  diameter;  -  is  the  diameter  of  MC;  E  -  is  the  total  energy; 

is  the  specific  energy  of  the  CP  mixture;  -  is  the  activation  energy  of  the  "heterogeneous" 
reaction;  F  -  is  the  area;  and  -  are  the  cross-section  areas  of  the  GG  AC  and  MC; 
F/^  and  F^^  -  are  the  total  perforation  areas  in  the  AC  and  MC;  F^  -  is  the  pores  area;  -  is 
the  external  surface  of  the  identify  length  boundary;  F^  -  is  the  total  perforation  openings 
area  per  unit  boundary  length;  ^  ^  -  are  the  areas  on  the  boundaries  between  knots  in  the 

calculated  region,  in  the  longitudinal  and  lateral  directions;  -  are  the  losses  and 

income  of  the  amounts  of  motion  and  energy  owing  to  the  CP  flow  between  spaces,  also 
takes  into  account  the  work,  done  when  CP  flow-out  through  the  perforation;  -  is  the  CP 
mass  flow  rate  through  the  MC  nozzles  into  the  IC  combustion  chamber;  A  ^29$  -  is  the 
specific  enthalpy  of  i  kg.  of  the  PSP;  k  -  is  adiabatic  exponent;  -  is  the  PSP  penetration 

factor;  p  -  is  the  characteristic  size;  -  are  the  rate  coefficient  and  pre¬ 

exponent  of  the  "heterogeneous"  reaction;  L  -  is  the  length  of  the  GG  (AC  and  MC);  m  -  is  the 
PSP  porosity;  -  is  the  rate  of  the  mass  interphase  exchange  (the  sum  of  the  CP  entering  and 

the  CP  flow  rates);  T  -  is  the  Nusselt  thermal  criterion;  P  -  is  the  pressure;  -  is  the 

environmental  pressure;  -  is  the  damping  pressure  on  the  surface  with  area  {Ft  -  P^l  perf  ); 

Pr  -  is  the  Prandtl  thermal  criterion;  Pu  ,  Py  -  are  the  total  perimeters  of  the  PSP  pores  in  the 
directions  of  the  CP  motion  velocity  components  U  and  V;  G^-  -  is  the  rate  of  the  interphase 

energy  exchange;  Qh  -  is  the  thermal  effect  of  the  "heterogeneous"  reaction;  ^cp’  -  are  the 
thermal  flows  from  the  CP  and  from  "heterogeneous"  chemical  reaction;  r  -  is  the  lateral 
coordinate;  R  -  is  the  gas  constant;  F  0  -  is  the  universal  gas  constant;  Re  -  is  the  Reynolds 

criterion;  S  -  is  the  entropy;  -  is  the  PSP  surface  relative  area  joined  up  to  combustion;  t  - 
is  the  time  of  the  process;  T  -  is  a  temperature;  Th  -  is  the  temperature  of  the  beginning  of  the 

"heterogeneous"  exothermic  reaction;  '^ig  -  the  critical  temperature;  -  is  the  linear  rate  of 
the  GE  combustion;  U,  V-  are  the  the  longitudinal  and  lateral  components  of  the  flow  velocity; 

w  =  -  is  the  modules  of  the  CP  mixture  flow  velocity  vector;  x  -  is  the  longitudinal 

coordinate;  z  -  is  the  radial  distance,  which  reading  from  the  GE  surface,  to  its  center. 
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Greek  Symbols 


Ot-  -  is  the  heat  exchange  coefficient;  P  -  is  the  constant;  Y  ^  -  is  the  relative  mass 

concentration  of  the  c-phase  in  the  CP  mixture;  7  i  -  is  a  dimensionless  coefficient  of  the 
hydrodynamic  resistance;  71  -  is  the  constant  ( 7C  =  3.1415);  6^  -  is  the  coefficient  of  the 
perforation  openings  contraction;  X  ~  is  the  thermal  conductivity  coefficient;  M-  -  is  the  dynamic 

u  V 

viscosity  coefficient;  p  -  is  the  density;  t  ,  T ,  -  are  the  tangential  stresses  of  the  CP 
frictionin  filtering  through  the  PSP  pores  in  the  directions  of  the  CP  motion  velocity  components 
U  and  V;  ^  uc\  ~  is  the  masses  of  the  one  pelletized  element  of  .the  PSP,  placed  in  the 

GG  AC  and  MC;  G)  ^  mc  "is  the  masses  of  PSP,  which  placed  in  the  AC  and  MC  cavitys. 


Subscripts  &  Superscripts 

b  -  corresponds  to  the  parameters  on  the  boundary;  c  -  corresponds  to  the  parameters  of  the 
condensed  (solid)  phase;  ef  -  corresponds  to  effective  value  of  the  parameter;  g  -  corresponds  to 
the  parameters  of  the  gas  phase;  h  -  corresponds  to  the  parameters  of  the  “heterogeneous” 
chemical  reaction;  j  =  1  -  corresponds  to  the  CP  mixture;  j  =  2  -  corresponds  to  the  CP 
coming  from  the  initiator,  through  the  AC  left  boundary;  j  =  3  -  corresponds  to  the  PSP  CP; 
mix  -  corresponds  to  the  parameters  of  the  gas  phase  and  the  c  -  phase  mixture;  o  - 
corresponds  to  initial  conditions,  the  parameters  of  the  gas,  originally  filling  PSP  pores;  perf  - 
corresponds  to  the  parameters  of  the  openings;  r  -  corresponds  to  the  parameters  in  the 
direction  of  lateral  coordinate;  s  -  corresponds  to  the  parameters  at  the  GE  surface;  st  - 
corresponds  to  the  stationary  values  of  parameters;  u,v  -  corresponds  to  the  parameters  in  the 
directions  of  the  CP  motion  velocity  components  U  and  V;  x  -  corresponds  to  the  parameters  in 
the  direction  of  longitudinal  coordinate. 
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